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ABSTRACT: The high temperature of solid combustion in modern combustors leads to serious pollution in the combustion of
biomass and solid wastes. The broad demands of relatively small-scale combustion of solid fuels and the imposition of increasingly
strict emission limits require more economical methods for pollution reduction. Based on literature and our own work, low-
temperature-solid combustion technology, which applies low temperature for solids but normal temperature for gas during
combustion, was introduced in this paper. The potential of this technology in pollution reduction was analyzed, and necessary
fundamentals for equipment design/operation were discussed. It showed that, for straws, more than 60% of deposit and particle
emission can be reduced and 100% of ash can be recycled when the solid temperature is <600 °C. Fundamentals on rates of
inorganic release, char oxidation, phase transformation in the condensed phase, and NOx/SOx release are necessary for better
application of the technology.

1. INTRODUCTION Pollution control technology in combustion systems
appeared with the imposition of environmental protection
laws (1955 in USA and 1964 in Germany)'* and has greatly
improved in the last several decades to comply with

Combustion of biomass" and solid wastes™" is of increasing
importance nowadays. The combustion systems are relatively
small compared to those of power plants due to the high
transportation/storage fee for a large amount of fuel (such as
biomass),”® the limited yield of waste from one or several
factories, and/or the small capacity requirement of applica-
tion.” The small-scale apparatus using solid fuels also applies
broadly in industrial processes.

increasingly stringent regulations. Of the three control
techniques for solid fuels, namely, precombustion, combustion,
and postcombustion, most emphasis has been placed on
postcombustion control. These techniques consist of gas
treatments (gas cleaning to remove fly ashes, wet/dry

In many solid fuels,”” besides the main elements (C, H, and neutralization of acid gases, selective catalytic reduction of
0), there are nonmetal elements (N, Cl and S), ash-forming NOx, filtration of small particles, adsorption of mercury/
elements (Al, Ca, Fe, K, Mg, Na, P, Si, and Ti), volatile minor volatile organic compounds/dioxins, etc.'?), fouling treatments
elements (As, Cd, Hg, Pb, and Zn), and nonvolatile minor (soot blowing, steam consumption, etc.),”” and ash disposal
elements (Ba, Co, Cr, Cu, Mo, Mn, and V). During
combustion, the possible pollution includes emissions Received: September 21, 2023
(smoke and unburned hydrocarbons, NOx, SOx, Cl com- Revised: ~ October 25, 2023
pounds, metal aerosols, Hg, As, and Se)'”"" in flue gas, fouling Accepted: October 26, 2023
(on the inner wall or heat exchanger surface) in the Published: November 11, 2023
combustor,'” and discharge of solid waste (fly ash and bottom

ash).”?
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Figure 1. Low-temperature solid combustion technology of biomass with its input and output.
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Figure 2. Smoldering experiments of agrostalks and wood char. Adapted from ref 46. Copyright Elsevier 2011. Adapted from ref . Copyright
Elseview 2014. Adapted from ref 48. Copyright 2007 ETA Florence Renewable Energies.

(landfilling, cement utilization, etc.lé). Some investigations
have also been performed on precombustion control
techniques,'’ such as water washing of material,"®"’
torrefaction,zo and the addition of zeolite/Kaolin/peat.z1’22
Compared with this, only a few studies have been done on
combustion control techniques,”***
tion”>” and firebed cooling.”’

The investment and operation expenses of most post- and
precombustion controls are very high, which is not economical
for small- or medium-scale utilization. More economical
solutions are urgently needed because of increasingly stringent
pollution regulation concerns for small-scale application,”®
similar to other scales.

In fact, the high temperature of the solid in modern
combustion technology is the main reason for some of the
above pollutions. The temperature is often more than 1000
°C***° for a pulverized coal combustor or grate furnace and
about 800—950 °C for a fluidized reactor.’’ This high
temperature leads to high release of K and Na’**’ to the
gaseous phase in the combustor,”® high NOx and SOx
production,®*® and serious sintering”>*” of bottom ash. The
problem is severe for herbaceous biomass due to its high K and
Cl content, and this is one of the challenges in the combustion
utilization of biomass.””** Based on research results in Ithe
iterature and our own previous work, it is found that
controlling the solid phase at low temperature during the
whole combustion process can significantly alleviate many of
the mentioned problems.’** Therefore, this low-temperature-
solid combustion technology should be an efficient and
economical method for pollution reduction and is beneficial
for promoting the utilization of biomass combustion.

The temperature of the gas phase should be kept high to
avoid incomplete combustion of volatiles in low-temperature-
solid combustion technology. Compared to conventional
combustion, the advantages of low-temperature-solid combus-
tion technology include the following: (1) the operation is ease
according to the slowness of combustion process, (2) heat

such as stage combus-
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demand and heat supply are well matched, and (3) the
fertilizer property of ash is retained.

The objective of the present work is to introduce the idea of
this low-temperature-solid combustion technology for biomass
and other solid fuels. The potential of the technology in the
pollution reduction of straws is calculated according to data
from the literature and our own work. Necessary fundamentals
for the equipment design and operation optimization are
discussed.

2. LOW-TEMPERATURE-SOLID COMBUSTION
TECHNOLOGY

2.1. Schematic of the Low-Temperature-Solid Com-
bustion Technology. In fact, combustion of solid fuels
includes drying, pyrolysis, and char oxidation. The temperature
of the solid phase is normally <600 °C at the drying and
pyrolysis stages regardless of the temperature of the environ-
ment. If the char oxidation stage is controlled independently at
low temperature, as shown in Figure 1, we call it low-
temperature-solid combustion technology.

A low-temperature-solid combustor differs from other
combustors in its two combustion chambers: a high-temper-
ature flame chamber and a low-temperature smoldering
chamber. The raw fuel is fed into a flame chamber, dried,
and pyrolyzed there. About 70% of mass is devolatilized, and
the gas is burned at the freeboard of a high-temperature flame
chamber, similar to the process in modern combustors. After
drying and pyrolysis, char is immediately transported to a
smoldering chamber, where it is oxidized. Measures of air
limiting and cooling are taken to ensure the low temperature of
char oxidation. Combustible gas of char oxidation from the
smoldering chamber is blown into the flame chamber and
burned there. Ash (2—15% of original fuel) from char
oxidation can be returned to fields as fertilizer after simple
treatment, and most of the nutrients will be absorbed by plants
in their growth.

https://doi.org/10.1021/acsomega.3c07274
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Figure 3. Drying and pyrolysis stages of corn-stover pellets.
a) Normalized ash residue at various Temp b) Thermogravimetric curve of ash
[ —=— WS(Thy)—e— RS(Thy)—+— WS(Niu)
100 k_—o— RS(Zhang) WS(He)—<—CS(He)  ~ 100
B . L
< s
S 90+ S 90
v w2
= 8
5 <
280t 5 80 |—— 0S(Magdziarz)
8 & R | —e— WB(Arvelakis)
= N = —+— PW(Du)
L N £ L
g 70 ) E 70 WS(Du)
Z Z L
60 | 1 ! | 60 ! ! 1 |
400 600 800 1000 1200 0 300 600 900 1200 1500
Temperature (°C) Temperature (°C)

Figure 4. Normalized ash residues at different temperatures and thermogravimetric curves of biomass ashes (WS, wheat straw; RS, rice straw; CS,
corn stover; OS, oat straw; WB, winter barley; PW, polar wood). Adapted from ref 56. Copyright 201S. Adapted from ref 57. Copyright 2015

Elsevier.

2.2. Scientific Basis of Low-Temperature Solid
Combustion Technology. Although there was no clear
concept of low-temperature-solid combustion in the literature,
some engineering attempts and scientific research provide the
scientific basis of this idea. For example, a firebed cooling
device was applied in a 12 kW underfeed pellet boiler, and it
was found that 17 wt % dust decreased without impacting
combustion quality.”” A BB-100 technology recorded optimal
combustion temperatures for wood and agricultural biomass of
760 and 675 °C, respectively.”®

Our previous study on thermogravimetric of wood char™
showed that char oxidation can be accomplished in a
reasonable time (up to several minutes) at temperatures
<500 °C. Smoldering combustion can survive with poor
oxygen’’ and is a slow, low-temperature, and flameless form of
combustion.*"* Yerman et al. reported that smoldering was
achieved with 70% moisture contents of fuels.*”** Rahwan et
al. showed that smoldering of sludge could be sustained with
heating value of 1.6 MJ/kg.** Smoldering of biomass'**’
showed that the ash was white and soft,*® as shown in Figure 2,
without any slags in the ash or solid deposition around the
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reactor. The recorded temperatures inside the fuel bed are
normally around 600 °C for agrostalks and 700 °C for wood
char.

All of the above indicate that objectives of pollution
reduction and ash recycling of biomass can be achieved
using low-temperature-solid combustion technology. In fact,
small-scale equipment has been set up, and primary experi-
ments have been successfully performed in our group.

2.3. Resident Time of Biomass in Flame Chamber.
The residence time of biomass in the flame chamber is a key
operation parameter, and it depends on the pyrolysis time. It
can be measured using a Muffel furnace with a mass trace
system. Our experiments on a single pellet of corn stover (® =
10 mm X 40 mm) in a horizontal tube furnace showed that the
pyrolysis time at the temperature range of 500—900 °C is less
than 4 min, as shown in Figure 3.

In our bench-scale combustor, the residence time of the
corn-stover pellets in the flame chamber can be adjusted.
Experiments showed that when this residence time is longer
than 6 min, the pellets stick to the grate and slags appear. The
indicates that the residence time should be well controlled.

https://doi.org/10.1021/acsomega.3c07274
ACS Omega 2023, 8, 43433—-43441
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3. POTENTIAL IN POLLUTION REDUCTION

3.1. Reduction of Deposition/Fouling and Particle
Emission. One of the biggest problems in boilers of biomass,
especially grass or agroresidues (high content of K, Na, N, and
ash), is the deposition/fouling/ sintering.[w’50 It causes a
dramatic reduction of boiler efficiency and serious operational
problems (frequent maintenance work and sometimes collapse
of the equipment). The source of deposition/fouling/sintering
and particle emission is the release of ash-forming elements
from solid to gas. The reduction of this pollution can be
estimated from the ash yield data at different temperatures.

It has been recorded that ash residue of biomass decreases
significantly with increasing temperature.””" Results on the
measurement of ash residues at different temperatures”>” and
thermogravimetric analysis of biomass ash demonstrate this
decrease clearly.”**> Some examples’®*” are shown in Figure
4. In Figure 4a, normalization of data is performed, taking the
ash amount at 400 °C as the basis.

It can be seen that the reduction amount in the temperature
range of 400—1200 °C varies considerably, from several
percent to about 40%. For example, our experimentss‘s’57
showed that the mass decreases of ash for rice straw, corn
stover, and wheat straw are about 20, 22, and 35 wt %,
respectively, when the temperature increases from 400 to 800
°C. This is similar to those recorded in papers of Niu’' and
Du”’ but differs significantly from that of Thy.>” The deviation
might be due to the ash treatment method. In our experiments,
ash yields of about 4 g were measured directly from the
burning of raw material. In Thy’s experiment, about 20 g of ash
produced at 525 °C was pressed into pellets and heated at
different temperatures in a furnace. During the release of
inorganics from the ash pellets at a high temperature, there was
great resistance, especially when sintering occurred.

For the pollution reduction estimation, data of the ash yield
from direct combustion are chosen for calculation. It can be
seen from Figure 4 that most of the decrease of ash yield
occurs in the temperature range of 600—1000 °C. Decreases
are more than 20% for most straws, accounting for more than
2/3 of the total decrease. This indicates that a relative
reduction of deposit/fouling and particle emission of at least
60% can be achieved for those straws if the temperature of
solid can be controlled to <600 °C.

It should be noted that the real decrease in the amount of
fouling/deposit is affected by both the reduction ratio of ash
and the content of ash. Here a boiler (350 kW, corn stover as
fuel, provides residential heating for 4000 m®) is taken as an
example for a brief calculation. The fuel consumption of the
boiler is about 100 kg/h, and the ash production rate is 100
kg/h X 0.05 kg ash/kg biomass = § kg ash/h. For a whole day,
the total (deposit/fouling and particle emission) decrease

amounts to 5 kg/h X 24 h X 20% = 24 kg. Normally the
surface of the heat exchange for this small boiler is about 25
m?. This means that about 1 kg/m2 deposit/particle emission
can be reduced. This will improve the performance of the
boiler dramatically.

3.2. Reduction of SO, and NO, Release. SOx and NOx
lead to acid rain, accelerate fouling and corrosion, and
participate in the generation of photochemical smog. Thus,
their concentrations in the flue gas of combustion systems are
strictly controlled nowadays.*®

Fuel-S is the only source of SOx, and the conversion rate
varies with the type of biomass. Experiments50 showed that 73,
44, 52, 51, 35, 70, and 32% of fuel-S from wheat bran, hay,
sorghum, maize, straw, miscanthus, and vineyard pruning are
converted into SOx, respectively. As to the effect of
temperature, it has been recorded that the release of S from
corn stover increases linearly with temperature (S% = 0.10 X T
— 22) from 70% at 906 °C to complete release at 1234 °C.*
This indicates low-temperature combustion has the potential
for >30% SOx reduction.

There are three mechanisms responsible for NOx formation:
the thermal mechanism (>1300 °C), the prompt mechanism
(occurs at very low air/fuel ratios), and fuel-N conversion; of
these mechanisms, fuel-N conversion plays the greatest role?’
in biomass combustion. It is recorded that the release of N of
sewage sludge increases from about 50% at 350 °C to about
93% at 1000 °C during pyrolysis.”® X-ray photoelectron
spectroscopy (XPS) analysis showed that the main compo-
nents of volatile nitrogen from coal are HCN, NH;, and N, at
temperatures of 853—1488 K. Higher temperature leads to
significantly higher total emission of the three.’” Release of
HCN and NH; from soybeans in microwave pyrolysis® is
similar to the above coal. All these show that there is about a
40% NOx reduction of low-temperature-solid combustion.

3.3. Reduction of Solid Waste. Solid waste here refers to
useless, unwanted combustion products in the solid state.
High-temperature combustion of biomass produces a lot of
slags.”" Our experiments showed that ash of rice straw, wheat
straw, and corn stover almost completely melt or stick to the
crucible at temperatures >1000 °C, as seen in Figure Sa).

The hard, big slags, as shown in Figure Sb, are not allowed
to return to the farm. They affect the field management, and
their nutrients are often solidified via sintering. We think that
water solubility of ash can represent to some extent the degree
of sintering. It was found that water solubility of rice straw,”’
wheat straw, and corn stover’® decrease from 37.5%, 50.1%,
and 33.2% at 400 °C to 20.5%, 38.5%, and 26.4% at 600 °C
and to 6.3%, 11.5%, and 7.2% at 800 °C, respectively. It can
also be seen that a significant decrease of water solubility
occurs at temperatures >600 °C.

https://doi.org/10.1021/acsomega.3c07274
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Figure 6. Results of thermogravimetric experiments. (a) DSC, DTG, and temperature history curves of KCI (A1) and a mixture (B2) of KCl and
SiO,. (b) Mass loss rates of all experiments. Adapted from ref 74. Copyright 2019 Elsevier.

Table 1. Correlations of Char Oxidation Rate and Ratio of CO/CO,

char oxidation rate CO/CO,
reactions rates kinetics ref expression ref
Mc
nC + 0, - 2( — 1)CO + (2 — y)CO, @ = "‘D”GYOZES k.= 103Te ™R g = 63m*/g 76 2512 /T 78
2
k. = 301 38R g = 635,2/65° 77 43¢73390/T 79
K
C + €O, = 2CO k= 1.5 x 10% 3000/RT
C+H,0 2 co +H, a, = —(k + ky + ky)p, k, = 7.5 x 10°%30000/RT 30 1.0~ 1006/T 8
k - 5 —14900/RT
C + 050, = CO k; = 3.01 X 10%
k; = 0.658¢ 74800/RT
woy = —(ky + ky + k3)/)oz k, = 3.42¢130000/RT 81 750¢=7200/T 83

ka = 3.42¢ " 130000/RT
3 = 3.

ky
nC + 0, —

2(n — 1)CO + (2 — n)CO, k, = L715Te™ /T

k
C + CO, = 2CO ky = ky = 3.42T¢ 1500/ 84 10/(002p ") 3

k 4 —
C+H,0—> CO +H, ky = (3427 X 107%)e 1900/T

k.
C +2H,— CH,

Deposition/fouling in high-temperature combustion, as solid waste would be reduced annually. At same time, 47500

shown in Figure Sb, is normally caused by reactions with
irons in the surface of the heat exchanger, as a sequence, and
this ash is not suitable to return to the farm either. The high
content of K and other elements limit its utilization as
cement.”" The most popular disposal method is in landfilling.
However, no country can afford enough land filling sites for the
accumulation of ash every year.

In low-temperature combustion technology, there are no big
slags in ash. After some simple treatments, all of the ash can be
returned to the farm as fertilizer. This recirculation was a
traditional method and is beneficial for the health of the
ecosystem’”*” and zero-cost waste disposal.

The ash content of agroresidues is normally high (2—15%),
and it is estimated that approximately 480 million tons of
biomass ash could be generated worldwide annually.”® Taking
China as an example, the amount of agroresidue is about 1900
million ton/year. If 1% of this residue is combusted at low
temperature and the ash content is 5%, 0.95 million tons of
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tons of potassium would be returned to the ecosystem as
fertilizer given 5% of accessible K7 is there in the ash.

4. NECESSARY FUNDAMENTALS

The most important things for low-temperature-solid technol-
ogy development are accurate prediction and control of the
process, especially the change of the solid. Smoldering depends
on heat exchange, the ambient oxygen concentration, and the
content of moisture and inorganic material in solid fuel.*”
Boigné®® developed kinetic models of biomass smoldering, in
which reaction mechanisms of exothermic smoldering are
described as endothermic pyrolysis and heterogeneous and
exothermic char oxidation. Scott® studied multidimensional
heat exchange and mass and momentum transfers by
simulating smoldering. Fernandez-Anez® reported the char-
acteristics of smoldering processes and developed the func-
tional relationship between the refiled amount of fuel and the
change of the combustion rate. Erland®® reported that the
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smoldering fronts propagates with a velocity of 0.4 mm/s in
their experiment of smoldering. Chen®” showed that the
smoldering front propagates from the top to the bottom, where
stable flame could be sustained to purify smoldering emissions.
Combustion science offers knowledge to understand, model,
handle, design, and optimize systems. Although there is some
information in the literature that can be used as a reference for
the design/operation of a low-temperature solid combustor,
further investigations in some areas are still necessary, as stated
in the following sections.

4.1. Release Rates of Inorganics. Release characteristics
of inorganics during the combustion of biomass are often
explained using thermodynamic equilibrium theory.””**
However, an equilibrium state is seldom reached in the
process because of the relatively short burn-out time and the
open reaction system. In recent years, the time-resolved release
of C%)otassium (K) was broadly investigated. Some research-
ers®”’? developed kinetic models to calculate the release rate of
K, and most of these kinetic models are based on the Arrhenius
expression,”””” which states that the release rate is related to
the mass of potassium. Even in some evaporation models,”"”
the concentration of gaseous potassium inside biomass
particles is assumed to be linearly proportional to the mass
of potassium.

However, our experiments’* showed that release rate has
little relationship with the mass of potassium. In our work, the
chemical form of potassium in corn stover was detected, and it
was found that most K exists as potassium chloride (KCI).
Based on this, the release of K from pure KCI and a mixture of
KCl and SiO, at normal combustion temperatures was
measured using simultaneous thermal analysis (STA). The
differential thermogravimetric (DTG) analysis, differential
scanning calorimetry (DSC) analysis, and evaporation history
are shown in Figure 6. The quite flat DTG curves and release
rate curves show that evaporation dominates potassium release
at normal combustion temperature. A model to calculate the
evaporation rate of KCl was developed and validated using
data from our experiments and literature.

Theoretically, the method might be generalized to predict
the release of other inorganics in biomass combustion.
However, more experiments and theoretical analysis are
necessary in a general sense, and the following problems
must be clarified: (1) the original type of inorganics in
biomass, (2) release rates of these inorganics, (3) the
interaction of the inorganics during evaporation, and (4) the
prediction of the global release of the inorganics.

4.2. Rate and Products of Char Oxidation. There are
many correlations for calculating the rate and product of char
oxidation, as shown in Table 1. Calculation results using these
correlations differ significantly from one other. It is normally
stated that more CO, than CO is produced at low
temperatures (below 1562, 5078, oo, 2231, and 1394 °C
according to expressions in Table 1 from top to below) in the
oxidation of coal char. However, Li’s recent experiments’
showed that more CO is generated at temperatures <650 °C.
This is preferred in low-temperature-solid combustion because
less air is necessary and less heat is generated in the char
oxidation stage. Thus, it is easier to arrange air supply holes
and the heat exchange surface.

The char oxidation rate and products are the keys to design
the char oxidation chamber and to control the process.
Because there are wide deviations in the literature on these
properties, further investigation is necessary, especially for

biomass waste. To be more specific, these include the
following: (1) the CO/CO, ratio of agroresidue char, (2)
the kinetics of agroresidue char, (3) the effect of specific area
and oxygen concentration, and (4) a practical calculation
model or method for equipment design.

4.3. Fertilizer Property Change of Ash. Literature on
the application of biomass ash as fertilizer®>*® includes two
groups: the possible amount of nutrients from ash and the
impact of ash on the growth of the plant. It is concluded that
considerable amount of nutrients can be returned to the
ecosystem by recirculating ash,”” and these nutrients do help
the growth of plants.*>

Quantitatively assessing the fertilizer property of biomass
ash is difficult®™ because biomass ash contains almost all plant
nutrients in tremendous types of phases.”’ The authors of this
work developed a method including sequential extraction and
matrix expression.”’ Based on this, the effect of the burning
temperature on the fertilizer property of the ash from corn-
stover was analyzed. It was found that the fertilizer property is
significantly affected by the burning temperature and changes
dramatically in the temperature range of 600—700 °C, as
shown in Figure 7. Many of our attempts to describe those
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Figure 7. Solubility of nutrients in ash at different temperatures.
Adapted from ref 91. Copyright 2018 Elsevier.

using existing kinetic forms have failed. Since solid/liquid
reactions are involved in the process, the physical mechanism
(melting, evaporation, flow, and transportation) might
dominate the process rather than reactions. More experiments,
observation, and analysis are necessary in this field.

Mechanism and calculation methods on the change of the
fertilizer property of ash should be further investigated. To be
more specific, these include the following: (1) the mechanism
of the phase changes of ash and their kinetics, (2) interactions
of components in ash at combustion temperature, and (3)
practical calculation models or correlations to calculate the
change of the fertilizer property in combustion.

4.4. Control of NOx and SOx. NOx species (normally
90% NO + 10% NO,) are emitted in all combustion
processes.”® The formation of NOx from fuel-N dominates
in combustion of biomass and is is very complex, being
sensitive to fuel composition and combustion conditions.
Some data on combustion of wood char and coal show that the
release of N increases with the increasing temperature, as
mentioned in section 3.2. It was also found”>”* that oxygen
availability affects the oxidation selectivity of fuel-N toward
NO or N,, and char/soot has the ability to reduce NO.

Release of SOx is normally not serious for biomass because S
is not a macronutrient for plants and its content in most
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biomass is low. In the two types of S, organic and inorganic
forms, organic S makes up about 50 wt % of the total S in
biomass. There are two steps in release S during combustion.
The organic S is released at low temperatures, normally in a
reduced form such as H,S, while inorganic S is retained in the
ash until the combustion temperatures exceed approximately
900 °C. Ren et al.” found that emission of S has a negative
relation with Ca/$ (x) and K/S (2), as yso, = 0.1022x %%’ and

¥so, = 0.1207z7%*3, respectively, for biomass. Since there is

large amount of K in the ash of agroresidues,w'94 the release of

SOx might be significantly reduced at optimal combustion
conditions.

The ideal method is to convert all fuel-N to N, and all fuel-S
to sulfate. The possible technology solution approaching this
ideal method is based on further investigation/summary of the
following: (1) the effect of temperature and reducing
atmosphere on the reduction of NOx and its mechanisms,
(2) the effect of temperature and alkali inorganics on the
reduction of SOx and its mechanisms, and (3) a practical
prediction model for combustor design.

5. CONCLUSION

Low-temperature-solid combustion technology applies a low
temperature for the solid phase and a normal temperature for
the gaseous phase. It has great potential in the economical
reduction of deposition/fouling, emission, and solid waste in
the combustion of biomass and solid waste. For better
application, release rates of inorganics during combustion,
rate and products of char oxidation, mechanisms on change of
fertilizer property of ash, and the transformation of fuel S/N to
NOx/SOx should be further investigated.
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