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ABSTRACT: Torrefied biomass is a promising carbon-neutral alternative for coal. However, the effect of torrefaction on 

aerosol production in biomass combustion is understudied. Here, we compared the emissions and physicochemical 

properties of aerosols produced by the combustion of raw pine, torrefied pine, and bituminous coal. At the highest 

combustion temperature of 1000 °C, aerosol emissions from coal were 5.2 ± 0.4 mg/MJ, while emissions from  raw and 

torrefied pine were negligible (< 10-2 mg/MJ). The coal-combustion aerosol was dominated by inorganics (85%) with a 

small organic fraction (15%), a composition typical of condensable particulate matter observed in power-generation 

applications. At the lowest combustion temperature of 400 °C, aerosol emissions from raw pine (25.3 ± 4 mg/MJ) and 

torrefied pine (5.6 ± 0.8 mg/MJ) were dominated by organics. The organic molecules probed using electrospray ionization 

mass spectrometry were dominated by CHO and CHNO groups for both raw and torrefied pine. Torrefied-pine emissions 

featured less aromatics (17% vs 22%), which can be attributed to the reduction in volatile-matter content associated with 

torrefaction. Overall, our findings support the adoption of torrefied pine for domestic burning and power generation because 

of the added benefit of reducing aerosol emissions in addition to being carbon-neutral. 

Synopsis statement: In addition to being carbon-neutral, torrefied biomass has the added benefit of reducing particulate 

emissions in domestic and industrial applications. 
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Introduction  

Coal and biomass are widely used solid fuels throughout the 

world 1. They account for over 200 exajoules of energy annually 
2,3, approximately one-third of the total global energy 

consumption2,4. Both fuels are used in industrial and residential 

settings. Over 3 billion people use coal and biomass for 

residential heating and cooking1,5, and despite efforts to phase 

out coal from power plants, it still accounts for 36% of the 

global power production3.  

Biomass is one of the viable renewable (carbon-neutral) 

alternatives to coal, either by replacement or co-firing in power 

plants6.  In 2020, the European Union set a target for 55% 

reduction in greenhouse gas emissions by 2030, with utilizing 

biomass playing a major role in the proposed plan. While 

biomass is widely available from multiple sources including 

agriculture (corn stalks, cotton, cotton bush, surplus food), 

waste (vine and tree pruning, food waste, forest residue), and 

harvested trees7–10, there are major limitations associated with 

using biomass in place of or in conjunction with coal. First, 

biomass has a significantly lower carbon content compared to 

coal, thus a lower heating value (energy density)11. Second, the 

moisture content of biomass can inhibit efficient combustion12–

14. Third, biomass in its raw form is difficult to transport, store, 

and feed it into existing gasification and combustion 

systems15,16. These limitations can be largely overcome by 

thermally treating the biomass in a process called torrefaction 
17–19. By heating the biomass to temperatures ranging between 

200°C and 300°C, the fibrous structure and the tenacity of the 

biomass are destroyed20, and oxygen and water are removed via 
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carboxylation and dehydration, respectively8,19. This brings the 

torrefied biomass heating values closer to that of coal11. 

Torrefied biomass has been explored as an option to 

complement or replace coal9,11,21. A recent techno-economic 

analysis suggested that torrefied biomass can be produced at a 

competitive market price compared to conventional raw 

biomass, and can be comparable to coal if carbon credits are 

included in the analysis22. While replacing coal with biomass, 

including torrefied biomass, has a climate benefit due to the 

reduction in greenhouse gas emissions, the impact on emissions 

of air pollutants, including aerosols (or particulate matter, PM), 

is less clear. The combustion of both coal and biomass produces 

high concentrations of aerosol emissions, especially in low-

efficiency domestic burning23–26, but also in industrial 

processes27,28. Due to their significant public-health impacts29,30, 

emissions from domestic cookstoves have been extensively 

studied. Aerosol – specifically PM with sizes smaller than 2.5 

µm (PM2.5) – emission factors from cookstoves reported in the 

literature range over 3 order of magnitude from 10-1 g/kg-fuel 

to 102 g/kg-fuel 31–33. With biomass and coal having heating 

values on the order of 101 MJ/kg 11,17, the range of emission 

factors per unit energy translates to 10-2 g/MJ – 101 g/MJ. This 

wide variation is attributed to several factors including 

differences in fuels, cookstove type, and operation conditions34–

38. Aerosol emissions from solid fuel combustion in power 

generation applications are typically lower than domestic 

burning33, which is expected given the more complete 

combustion in those applications. 

 There is an important distinction in aerosol formation pathways 

between domestic and power-generation combustion. Aerosols 

emitted from domestic combustion are dominated by 

carbonaceous species, including elemental carbon (EC) and 

organic carbon (OC)36,39,40. On the other hand, due to the more 

complete combustion conditions in power-generation 

applications, the carbon in the fuel is more efficiently converted 

to CO2. Under such conditions, the aerosol emissions are often 

dominated by inorganic species 28,41 and their formation 

potential is correlated with the ash content of the fuel18. 

Torrefied biomass fuels usually have higher ash content than 

their raw counterparts42. This has been hypothesized to lead to 

the higher aerosol mass emissions from the combustion of 

torrefied biomass compared to raw biomass observed in several 

studies at conditions representative of power-generation 

combustion 18,43. Studies on domestic combustion of torrefied 

biomass are scarce. Maxwell et al.44 burned three biomass fuels 

(willow, spruce, and olive stone) in raw and torrefied form in a 

domestic fixed-bed stove and showed that aerosol mass 

emissions from the torrefied fuels were lower than their raw 

counterparts. This was attributed to the reduction in volatile 

organic species – which have high sooting propensity (i.e. 

potential to form carbonaceous aerosol) – in the biomass 

associated with torrefaction. 

In this study, we investigate the effect of torrefaction on the 

emission factors and physicochemical properties (size 

distributions, chemical composition, and light-absorption 

properties) of the aerosol emitted from the combustion of pine. 

Because biomass has been considered as an alternative to coal, 

we also compare the aerosol emissions from the combustion of 

raw and torrefied pine to those from the combustion of 

bituminous coal. In order to isolate the effect of fuel type, we 

performed controlled-combustion experiments that ensured 

consistent combustion conditions across fuels, thus leaving fuel 

type as the only variable. The experiments were performed at 

temperatures ranging between 400 °C and 1000 °C to capture 

conditions relevant for combustion in both domestic and power-

generation settings. 

 

Methods  

Fuel preparation 

The combustion experiments were performed using 3 fuels: (1) 

raw pine, (2) torrefied pine, and (3) bituminous coal. Pine chips 

were acquired from a saw mill operation in Oglethorpe Georgia 

and the bituminous coal was obtained from the Central Steam 

Plant at the University of Georgia. The torrefied pine was 

prepared in a batch reactor as described in Manouchehrinejad 

and Mani17. Briefly, the raw pine chips were heated in an 

electric furnace (Thermolyne Furnace, Type 30400, Dubuque, 

Iowa) at a rate of 3 °C/min to a torrefaction temperature of 275 

°C under oxygen-free conditions that were maintained by 

flowing 2 L/min of nitrogen through the reactor. The pine chips 

were kept at 275 °C for 30 min. All fuels were ground using a 

heavy-duty knife mill (Retsch SM 2000, Germany). The 

resulting pulverized fuels were then separated using two sieves 

in series in order to isolate fuel particles with sizes between 90 

µm and 120 µm for the combustion experiments. 

Fuel properties were obtained as described in 

Manouchehrinejad and Mani17 and Phanphanich and Mani11,  

and are presented in Table 1. Proximate analysis of the fuels 

was performed using a micro thermo-gravimetric analyzer 

(TGA701, LECO Corporation, St. Joseph, MI) following 

ASTM D 7582 45. Ultimate analysis was performed using an 

elemental analyzer (LECO CHNS 932, LECO Corporation, St. 

Joseph, MI) following ASTM D3176 46. The higher heating 

value (HHV) of the fuels was obtained using an adiabatic 

oxygen bomb calorimeter (IKAC, 2000, IKA Works, Inc., NC) 

following ASTM D5865 47. 
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Combustion experiments 

A schematic of the experimental setup is shown in Figure 1. The 

combustion experiments were performed using a steady-flow 

reactor at an air-to-fuel ratio of 25 and at combustion 

temperatures of 400 °C, 600 °C, 800 °C, and 1000 °C. This 

temperature range was chosen to encompass the temperatures 

encountered at different stages in domestic combustion48, and 

the higher temperatures (800 °C and 1000 °C) overlap with 

those in previous studies that simulated power-generation 

combustion conditions28,43,49. The fuel particles were supplied 

into a combustion reactor at a controlled mass flow rate, in a 

fashion similar to the drop-tube furnace or one-dimensional 

furnace configurations commonly employed in pulverized coal 

and biomass combustion studies49–51. We utilized a custom-built 

particle feeder system based on the design of Molinder and 

Wiinikka52. The particle-feeder system consists of a vertically 

mounted glass hopper attached to a syringe pump pusher block. 

A ¼” diameter stainless steel tube leads from the center of the 

glass hopper down into the combustion chamber. The syringe 

pump pushes the fuel hopper up at a set speed, allowing the fuel 

particles to fall down the stainless-steel tube and into the 

combustion chamber along with clean carrier air introduced at 

the top of the hopper. The carrier air was supplied by a house 

compressor and was passed through a filter train comprised of 

a silica gel denuder, and activated carbon denuder, and a HEPA 

filter. We maintained the carrier air flowrate at 1 L/min and the 

pumping speed of the syringe pump was adjusted to achieve the 

desired fuel mass flowrate to maintain an air-to-fuel ratio of 25. 

Two vibration motors were attached to the fuel hopper to agitate 

the fuel particles and prevent sticking on the walls of the 

hopper. 

 

 

Figure 1. Schematic of the experimental setup. 

 

The combustion chamber is a custom-built cylindrical quartz 

tube (~0.1 L) enclosed in a heating jacket. The power of the 

heating jacket was controlled using a proportional-integral-

derivative (PID) controller to achieve the desired set 

temperature measured at the center of the combustion chamber 

using a high-temperature K-type thermocouple. With an air 

flow of 1 L/min, the average residence time in the combustion 

chamber was approximately 6 s. As shown in Figure 1, the 

combustion emissions were diluted using clean air in a 250 L 

drum to both lower the aerosol concentrations and dampen 

fluctuations for the online measurements. Dilution flowrates 

ranged between 16.5 and 38.7 L/min, leading to an average 

residence time in the dilution drum of 5.2 – 17.8 min. 

As described in the previous subsection, the fuel particle sizes 

in our experiments ranged between 90 µm and 120 µm. This 

relatively narrow size distribution was chosen to ensure a stable 

feed rate into the combustion chamber. Furthermore, utilizing a 

narrow fuel particle size distribution minimizes variability in 

combustion conditions between experiments, such that 

differences in emissions between experiments can be attributed 

to fuel type, and not combustion conditions. We note that the 

fuel particle sizes employed in this study are consistent with 

pulverized coal and biomass particle sizes in power-generation 

applications (usually on the order of 101 µm – 102 µm)53,54 and 

laboratory drop-tube furnace studies31,55. However, domestic 

burning applications usually do not utilize pulverized fuels. The 

relatively large sizes of biomass or coal (e.g. briquettes or 

Table 1. Fuel properties of raw pine, torrefied pine, and bituminous coal 

Fuel Moisture 

Content 

(%, wb) 

Volatile 

Matter 

(%, db) 

Ash (%, 

db) 

Fixed 

Carbon 

(%, db) 

C (%, db) H (%, db) N (%, db) O (%, db) HHV 

(MJ/kg) 

Raw Pine 6.69 

(0.11) 

85.90 

(0.01) 

0.27 

(0.02) 

13.76 

(0.02) 

47.21 

(0.28) 

6.64 

(0.01) 

0.17 

(0.05) 

45.76 

(0.53) 

18.46 (0.13) 

Torrefied 

Pine 

2.46 

(0.10) 

76.40 

(0.27) 

0.35 

(0.03) 

23.26 

(0.23) 

54.91 

(0.27) 

6.20 

(0.10) 

0.2 (0.00) 38.17 

(0.13) 

21.82 (0.08) 

Bituminous 

coal 

1.57 

(0.05) 

36.58 

(0.02) 

6.52 

(0.05) 

56.91 

(0.20) 

77.63 6.3 2.00 9.16 27.72 (0.02) 
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chunks) in domestic burning lead to complex combustion 

conditions dictated by heterogeneity in temperature and air-to-

fuel ratio, which exhibit spatial and temporal variability48. 

While our controlled-combustion setup does not capture this 

complexity, it enables exploring well-constrained combustion 

conditions within the parameter space (temperature and air-to-

fuel ratio). In this study, we focus on isolating the effect of 

temperature on aerosol emissions by performing the 

combustion experiment at different temperatures (400 °C – 

1000 °C) that encompass those encountered in domestic 

combustion48. 

Online measurements 

We measured the aerosol size distributions over the size range 

of 10 nm – 500 nm at a 90-second resolution using a scanning 

mobility particle sizer (SMPS, TSI). The SMPS consists of a 

differential mobility analyzer (DMA, TSI, Model 3081A00), an 

advanced aerosol neutralizer (TSI, Model 3088), and a 

condensation particle counter (CPC, TSI, Model 3772). The 

SMPS size distributions were integrated to obtain the total 

submicron aerosol mass concentration assuming a density of 1 

g/cm3. We also measured the absorption coefficients (babs) of 

the aerosol emissions at a 1-second resolution at 3 wavelengths 

that cover the visible spectrum (422 nm, 532 nm, and 782 nm) 

using a photoacoustic spectrophotometer (Multi-PAS III)56. 

Due to the low absorption signal at 782 nm, only measurements 

at 532 nm and 422 nm were used in the analysis described 

below.  

We calculated the emission factors (EF) of 3 key parameters 

(aerosol mass, number of ultrafine aerosol particles, and aerosol 

absorption) per unit of fuel energy supplied. The emission 

factors were calculated as: 

EF =
𝑋 .  𝐷 .  𝑉𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙 .  HHV
    (1) 

Where, D is the dilution factor in the dilution drum (Figure 1), 

Vair is the carrier air volumetric flow rate, mfuel is the fuel mass 

flowrate, and HHV is the fuel higher heating value (Table 1). 

For aerosol mass emission factors (EFmass [mg/MJ]), X in 

Equation (1) is the aerosol mass concentration obtained from 

integrating the SMPS mass distribution. For number emission 

factors of ultrafine particles (EFUF [particles/MJ]), X is the 

number concentration of ultrafine particles obtained from 

integrating the SMPS number distribution for particles with 

diameters less than 100 nm. The aerosol absorption emission 

factors (EFabs [m2/MJ]) represent the total absorption cross-

section of the emitted aerosol57, where X is the absorption 

coefficient [1/m] obtained from the Multi-PAS III 

measurements. 

We also performed optical closure analysis to retrieve the 

imaginary part of the refractive indices (k) of the aerosol 58–60. 

This involved Mie calculations of absorption coefficients using 

SMPS size distributions and treating k as a free parameter to 

match calculated absorption coefficients with those measured 

using the Multi-PAS III. We assumed a wavelength-

independent real part of the refractive index of 1.6 in the Mie 

calculations61.  

Saleh (2020)62 classified light-absorbing organic aerosol, or 

brown carbon (BrC) into optical classes based on pairs of k at 

550 nm (k550) and wavelength dependence of k (w). For 

experiments that produced aerosol with measurable absorption 

at both 422 nm and 532 nm, we calculated w and k550 as: 

𝑤 =  
log(𝑘532/𝑘422)

log(422/532)
 ,  𝑘550 =  𝑘532 (532/550)𝑤  (2) 

Where, k422 and k532 are k values at 422 nm and 532 nm, 

respectively. For reference, w is related to the absorption 

Ångström exponent (AAE), where in the small-particle limit, w 

≈ AAE – 1.  

 

Offline measurements 

For select experiments, the aerosol emissions were collected on 

quartz (PALL Life Sciences, 47 mm) and 

polytetrafluoroethylene (PTFE) (SterliTech Corporation, 47 

mm) filters for offline chemical analysis. We targeted a particle 

loading for approximately 300 µg on each filter. 

The quartz filter was used to determine the fractions of organic 

carbon (OC), elemental carbon (EC), and major inorganic ions 

(K+, Na+, NH4
+, Cl-, SO4

2-, and NO3
-). A 1.5 cm2 punch was 

taken from the filters for OC/EC analysis using an OCEC 

Analyzer (Sunset Laboratories, USA) following the NIOSH 

870 protocol (A. Karanasiou & W. Maenhaut, 2015; Birch & 

Cary, 1996). The remainder of each Quartz filter was placed in 

pre-cleaned glass vial with 20 ml of ultra-pure water and 

sonicated for 10 minutes. Immediately after, 5 ml of the solution 

was analyzed for inorganic ions using Dionex Integrion high-

pressure ion chromatography (IC) instruments (Thermo-

Fischer, USA). 

The PTFE filters were used to further investigate the chemical 

make-up of the organic aerosol fraction using ultra-high-

resolution electrospray ionization mass spectrometry (ESI-MS). 

The aerosol particles were extracted from the filters in methanol 

following the procedure described in Cheng et al.63. Briefly, 

each filter was placed in a pre-cleaned glass vial with 3 ml 

methanol and sonicated for 10 minutes. The methanol solution 

was then filtered through a 13 mm PTFE syringe filter (0.2 µm) 

to remove any particles that were dislodged during sonication 

but not soluble in methanol. The methanol was evaporated to a 

final volume of approximately 1 ml to concentrate the solution. 

ESI-MS analysis was performed using a Brüker SolariX XR 

12T Fourier-transform ion cyclotron resonance (FTICR) mass 

spectrometer in negative ionization mode over m/z range of 74 

– 600. The ESI-MS mass spectra were analyzed using the open-

source software MFAssignR (Schum et al., 2020). Prior to 

assignments, sample noise was calculated using built-in 

functions, and the mass spectra were filtered to obtain peaks 

with a S/N threshold ≥ 3. C13 and S34 isotopes were identified 

from a preliminary C, H, and O assignment set, and a list of 

species with these isotopes was created and checked to confirm 

molecular formulas. Final formulas were assigned with filters 

of N ≤ 3 and S ≤ 1. A blank PTFE filter, prepared using the 

same procedure as the samples, was used to filter out 

background peaks.  

 

Results and Discussion 

Emission factors 

Figure 2a depicts the mass emission factors of the aerosols 

(EFmass) emitted from the combustion of raw pine, torrefied 

pine, and coal at different combustion temperatures. Both raw 
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pine and torrefied pine exhibited an inverse relation between 

EFmass and combustion temperature. This trend indicates that the 

combustion efficiency of these fuels increased with increasing 

temperature, thus reducing the emissions of partially oxidized 

species, including aerosols. An important practical implication 

of this finding is that utilizing these biomass fuels in power-

generation applications, where the combustion temperatures are 

relatively high28,43,49,64, is expected to produce low aerosol 

emissions. On the other hand, biomass combustion in domestic 

settings, where starting and burnout temperatures are relatively 

low, leads to high levels of aerosol emissions, as previously 

reported in various domestic-burning studies34–37. 

 

 

 

Figure 2. Emission factors at different combustion 

temperatures of aerosol (a) mass, (b) ultrafine particle number, 

and (c) absorption at 422 nm. Missing data indicate that values 

were below the detection limits of the SMPS (a and b) or the 

Multi-PAS III (c). Numerical values of the data points are given 

in SI Table S1. We note that the emission factors should be 

considered as lower limits due to potential particle losses in the 

sampling system. 

 

Importantly, the torrefied pine EFmass values are significantly 

lower than those of raw pine at all temperatures. In concordance 

with the findings of Maxwell et al.44, our results suggest that the 

removal of volatile matter during the torrefaction process 

(volatile matter content of torrefied pine is 76.40% compared to 

85.98% for raw pine; Table 1) plays an important role in 

limiting aerosol formation in combustion. However, our results 

contrast with those of previous studies that showed an increase 

in aerosol emissions for torrefied biomass compared to raw 

biomass under combustion conditions relevant for power 

generation18,43,64. This could be due to differences in the 

torrefaction process, but is also likely due to differences in the 

type of biomass, specifically the ash content. For example, the 

ash content of the raw and torrefied biomass (corn stalk) in Shao 

et al.18 was 8.69% and 11.29%, respectively. In Cheng et al.43, 

the ash content of the raw biomass (cotton stalk) was 5.17% and 

increased to 6.24% - 29.55%, depending on the employed 

torrefaction process. On the other hand, the ash content of the 

raw and torrefied pine in our study was 0.27% and 0.35%, 

respectively. At high combustion temperatures, the carbon in 

the fuel is converted efficiently to CO2, and aerosol emissions 

at these conditions are predominantly inorganic, partly 

originating from the ash content of the fuel18. Therefore, the 

relatively low ash content of raw and torrefied pine is plausibly 

the reason for the suppressed EFmass in our high-temperature 

combustion experiments. This is further evidenced by the trend 

exhibited by coal combustion. At 400 ºC, EFmass for coal 

combustion is 3 orders of magnitude lower than raw pine, likely 

due to the relatively low content of volatile matter (36.58%; 

Table 1). However, in contrast to the raw and torrefied pine, the 

coal EFmass increases significantly with increasing temperature 

and is 3 orders of magnitude higher than raw pine at 800 ºC and 

1000 ºC. At these high temperatures, the relatively high 

inorganic content of coal (6.52% ash and 1.66% sulfur; Table 

1) is efficiently oxidized leading to significant inorganic aerosol 

emissions, as further explored in the chemical speciation 

subsection. 

Figure 2b depicts the number emission factors of ultrafine 

aerosol particles (EFUF). Ultrafine particles (particles with 

diameters smaller than 100 nm) induce more severe 

toxicological effects compared to larger fine particles (PM2.5) 

due to their smaller sizes and larger surface area to volume 

ratios65 (Schraufnagel, 2020). Consequently, there are recent 

efforts to report ultrafine particle emissions from various 

sources, including domestic burning34,66. The trends in EFUF 

(Figure 2b) are similar to EFmass (Figure 2a) for raw and 

torrefied pine. Both emission factors exhibit a sharp decrease 

with increasing combustion temperature, with consistently 

lower emissions for torrefied pine compared to raw pine. On the 

other hand, there is a deviation in trends between EFmass and 

EFUF for coal. Specifically, while the coal EFmass at 1000 °C is 

2 orders of magnitude larger than at 400 °C, EFUF is similar at 

the two temperatures. The reason is that the aerosol size 

distributions shift to significantly larger sizes with increasing 

combustion temperature (Supplementary Information (SI) 

Figure S1). Whereas the aerosol emissions at 400 °C are 

virtually all ultrafine with a number mode diameter of 

approximately 20 nm, the emissions at 1000 °C have a number 

mode diameter of approximately 120 nm with the majority of 

the mass residing in particles larger than 100 nm. It is also worth 

noting that while EFmass of raw pine is 3 orders of magnitude 

higher than coal at 400 °C, EFUF is higher by only one order of 

magnitude. 

Figure 2c depicts the absorption emission factors at 422 nm 

(EFabs,422). Aerosols emitted from the combustion of solid fuels 
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can contain light-absorbing species, including black carbon 

(BC) and brown carbon (BrC), which have significant impact 

on the radiative balance in the atmosphere62,67. EFabs represents 

the total absorption cross-section of the emitted aerosol per unit 

energy of fuel burned. It depends on both the amount of aerosol 

as well as its intrinsic light-absorption properties. Therefore, 

differences in trends between EFabs,422 (Figure 2c) and EFmass 

(Figure 2a) provide insight on differences in aerosol light-

absorption properties. For both raw and torrefied pine, EFabs,422 

decreased with increasing combustion temperature, and there 

was no measurable absorption at combustion temperatures 

higher than 600 °C. For raw and torrefied pine, EFmass at 400 °C 

was larger than at 600 °C by a factor of 17 and 98 respectively. 

On the other hand, EFabs,422 at 400 °C was larger than at 600 °C 

by a factor of 7 and 21 for raw and torrefied pine, respectively. 

This indicates that for both fuels, the aerosol produced at 600 

°C was intrinsically more light-absorbing. Aerosol emissions 

from coal combustion exhibited measurable light absorption 

only at 600 °C and 800 °C. Most significantly, even though coal 

combustion exhibited high EFmass at 1000 °C, there was no 

measurable absorption and EFabs,422 was effectively zero. As 

further explored in the subsequent subsections, this indicates a 

shift in aerosol makeup from carbonaceous species that are 

light-absorbing (BC and BrC) to inorganic species that exhibit 

negligible absorption in the visible spectrum. 

 

Light-absorption properties 

The imaginary part of the refractive indices at 422 nm (k422) 

were retrieved from experiments that exhibited measurable 

absorption at 422 nm and are shown in Figure 3a. At 

combustion temperature of 400 °C, k422 was larger for torrefied 

pine compared to raw pine. We have previously demonstrated 

an association between light-absorption properties of 

carbonaceous aerosols and combustion efficiency68. 

Specifically, higher combustion efficiencies are associated with 

the production of carbonaceous species that are further along 

the brown-black continuum60, and are more light-absorbing. 

Torrefied pine has a higher carbon content than raw pine (Table 

1) and is thus expected to have a higher combustion efficiency, 

in line with the higher k422. 

 

 

Figure 3. Light-absorption properties of aerosol emissions at 

different combustion temperatures. Missing values indicate no 

measurable absorption. (a) Imaginary parts of the refractive 

indices at 422 nm (k422). (b) Light-absorption properties 

represented in log10(k550) – w space. The rectangles represent the 

BrC categories suggested by Saleh et al.66 (M-BrC: moderately 

absorbing BrC; W-BrC: weakly absorbing BrC; VW-BrC: very 

weakly absorbing BrC). Numerical values of the data points are 

given in SI Table S2. 

 

For both raw and torrefied pine, k422 increased with increasing 

combustion temperature from 400 °C to 600 °C. This is also in 

line with our previous findings that everything else held 

constant, increasing the combustion temperature pushes the 

carbonaceous aerosol emissions further along the brown-black 

continuum (i.e. they become more light-absorbing)60,68. The 

dependence of k422 on combustion temperature is more nuanced 

for the coal experiments. It increases with increasing the 

combustion temperature from 600 °C to 800 °C, but decreases 

to virtually zero with further increasing the combustion 

temperature to 1000 °C (there was no measurable absorption at 

1000 °C despite the high aerosol emissions). This can be 

explained by two competing phenomena. On the one hand, the 

increase in combustion temperature promotes the production of 

more light-absorbing carbonaceous species. On the other hand, 

the increase in combustion temperature is also associated with 

an increase in the production of inorganic species that lower the 

overall light-absorption efficiency of the aerosol. It is plausible 

that the first phenomenon was more prominent with 

temperature increase from 600 °C to 800 °C, while the second 

phenomenon was dominant with further increase to 1000 °C. 

We note that at the same combustion temperature of 600 °C, 

k422 of coal aerosol emissions is an order of magnitude smaller 

than those of raw and torrefied pine emissions, which suggests 

a significant contribution of inorganic species to the coal 

emissions. 

Four experiments (raw pine at 400 °C and 600 °C, torrefied pine 

at 400 °C, and coal at 800 °C) had measurable absorption at 

both 422 nm and 532 nm, which allowed us to calculate w and 

k550 (Equation 2). The results are shown in Figure 3b, with the 

BrC categories introduced by Saleh62 shown in the backdrop. 

All aerosol emissions fall within the weakly-absorbing BrC (W-

BrC) category. As mentioned above, we expect that the coal 

aerosol emissions had a significant inorganic fraction. This does 

not have a significant effect on the retrieved w, but would 

potentially push k550 to smaller values. Consequently, k550 of the 

BrC fraction of coal emissions is likely larger than the values in 

Figure 3b, but given the w value of 6.2, the carbonaceous coal 

emissions are expected to still fall within W-BrC. 
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Chemical speciation 

Offline chemical analyses were performed on the aerosol 

emissions from 3 experiments: raw pine at 400 ºC, torrefied 

pine at 400 ºC, and coal at 1000 ºC. We were not able to perform 

chemical analyses for the other experiments due to the 

following reasons. The aerosol emissions from raw pine and 

torrefied pine combustion at temperatures larger than 400 ºC 

and coal combustion at temperatures less than 800 ºC were too 

low to enable collecting enough sample within the course of the 

experiments. And unfortunately, the sample collected from coal 

combustion at 800 ºC was corrupted during the extraction 

process. Figure 4 shows the fractions of organic carbon (OC), 

elemental carbon (EC), and inorganic ions in the aerosol. For 

both raw and torrefied pine, the emissions at 400 ºC were almost 

entirely OC, with EC and inorganic ions contributing less than 

1% of the aerosol mass. This is expected, because this low 

combustion temperature is not conducive for producing EC or 

oxidizing the inorganic content of the fuels. The aerosol emitted 

from coal combustion at 1000 ºC was predominantly inorganic 

(85%), with high levels of SO4
2- (65%) and Na+ (18%) (SI Table 

S3). OC constituted 15% of the aerosol and there was no EC 

detected from coal combustion at 1000 °C. This aerosol 

composition is similar to what is commonly referred to as 

condensable particulate matter (CPM) in studies of coal-

combustion emissions in power generation50,69,70. CPM is 

comprised of inorganic and organic species that are emitted in 

a gaseous state and condense and form particles as the 

emissions cool down28. We note that the inorganic fraction 

reported in Figure 4 is likely underestimated, as there are 

inorganic ions that were not targeted in our IC analysis but 

could be present in coal emissions (e.g. Ca69). 

 

Figure 4. Fractions of EC, OC, and inorganic ions in the aerosol 

emissions from select experiments. The breakdown of inorganic 

ions is shown in SI Table S3.  

The chemical composition of the organic aerosol fraction of the 

three samples was further explored using ESI-MS. The number 

of unique organic compounds identified by MFAssignR was 

1773 for raw pine at 400 ºC, 2027 for torrefied pine at 400 ºC, 

and 182 for coal at 1000 ºC. The small number of identifications 

for coal is likely due to the particulate emissions being 

dominated by inorganic ions (Figure 4). Consequently, a 

significant fraction of organic molecules was probably not 

present at high enough concentrations in the methanol solution 

to be efficiently detected by ESI-MS. The diversity in organic 

molecules in the three samples is illustrated in the van Krevelen 

diagrams (H:C vs O:C) diagrams in SI Figure S2. As shown in 

Figure 5a, the organic species detected by ESI-MS were 

dominated by CHO and CHNO for raw pine and torrefied pine, 

which is typical for biomass-combustion emissions71. Torrefied 

pine emissions had a smaller fraction of CHO species compared 

to raw pine (65% vs 79%) and a larger fraction of CHNO 

species (33% vs 20%). This is possibly due to the torrefaction 

process leading to lower oxygen content and higher nitrogen 

content of torrefied pine compared to raw pine (Table 1).  

Coal emissions had significant contribution from CHO, CHNO, 

and CHOS, which is in concordance with previous studies of 

coal-combustion emissions39. The presence of CHOS group in 

coal emissions supports recent findings that direct emissions 

from fossil-fuel burning are important contributors to 

organosulfates in the atmosphere72. We also categorized the 

organic species based on the their modified aromaticity index 

(AImod)
73,74 into aliphatic (AImod = 0), olefinic (0 < AImod ≤ 0.5), 

and aromatic (AImod > 0.5)71. Olefinic compounds were the 

largest fraction (Figure 5b) and constituted 57%, 53%, and 63% 

of the molecular formulas for raw pine, torrefied pine, and coal, 

respectively. Torrefied pine emissions had fewer aromatic 

species than raw pine (17% vs 22%). Aromatic compounds are 

precursors for soot formation in combustion75. Thus, this result 

is in agreement with a previous report that torrefaction of 

biomass reduces the concentration of its sooting components44. 

As shown in Figure S3, the aromatic compounds in raw pine 

and torrefied pine were more represented in the CHO group, 

while less than 5% of the molecular formulas in the CHNO 

group were aromatic. This suggests that nitroaromatic 

compounds constituted a small fraction of the aromatic species. 

To gain insight into the volatility of the organic compounds, we 

used the parameterization of Li et al.76 to categorize them into 

the following volatility bins77: intermediate volatility organic 

compounds (IVOC), semi-volatile organic compounds 

(SVOC), low-volatility organic compounds (LVOC), and 

extremely low volatility organic compounds (ELVOC). As 

shown in Figure 5c, raw pine and torrefied pine emissions 

exhibited similar volatility distributions. On the other hand, coal 

emissions had a larger fraction of SVOC, which are expected to 

be emitted in the gas phase and condense and form particles 

upon cooling of the emissions. This result further supports our 

assertion that in this study, coal aerosol emissions at 1000 °C 

fall under the definition of CPM28. 
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Figure 5. Percentage of molecular formulas of organic aerosol 

obtained from ESI-MS analysis for select experiments assigned 

to (a) elemental groups, (b) modified aromaticity index (AImod) 

types, and (c) volatility bins. 

 

Conclusion 

Our results demonstrate that replacing raw pine with torrefied 

pine in domestic and power-generation combustion leads to a 

reduction in particulate emissions, including brown carbon and 

aromatic species. Furthermore, replacing coal with torrefied 

pine leads to significant reduction in particulate emissions in 

power-generation combustion. These results motivate further 

exploration of emissions from different types of torrefied 

biomass, their mixtures, as well as co-firing with coal. Overall, 

our findings support the adoption of torrefied biomass in both 

domestic and power-generation applications, not only due to its 

enhanced energy density and reducing greenhouse gas 

emissions, but also due to reducing particulate pollution. The 

benefits of reduction in particulate pollution can be monetized 

and incorporated in techno-economic analyses to provide a 

more comprehensive assessment of the economic viability of 

torrefied biomass.  
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