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A B S T R A C T

To achieve efficient and clean utilization of biomass fuels in high-altitude regions, understanding the effects of 
low-pressure and low-oxygen conditions on their combustion characteristics is crucial. This study investigates the 
combustion characteristics of yak manure under simulated high-altitude conditions using a concentrating pho
tothermal combustion system. A high-speed camera, thermocouples and a flue gas analyzer were employed to 
monitor particle behavior, temperature and flue gas components during combustion. Devolatilization products 
(chars) were analyzed using nitrogen adsorption/desorption, Electron Paramagnetic Resonance (EPR), and 
Raman spectroscopy. Results reveal that low pressure enhances the volatiles release by promoting side chain 
cleavage and aromatic structure formation, increases the char porosity and stable free radical concentration, and 
decreases the char specific heat capacity. These changes lead to higher combustion temperatures, earlier ignition 
and faster burnout. In contrast, low oxygen levels inhibit reactions with volatiles and char, resulting in delayed 
ignition and lower peak temperatures. When both low pressure and low oxygen conditions are applied simul
taneously, compared to atmospheric combustion, an earlier and lower peak concentration of CO and NO emis
sions is detected. Additionally, slight reductions in ignition and burnout times, along with increased combustion 
temperatures, are observed, indicating a combined effect dominated by low pressure. These findings provide 
essential insights for the efficient use of biomass fuels in high-altitude regions.

1. Introduction

In high-altitude areas, energy supply is of great significance to the 
life of the inhabitants, and fuel combustion still plays a significant role in 
the energy supply modes [1–4]. As a typical plateau region, the Tibetan 
Plateau possesses an extensive scale of animal husbandry. The total 
number of domesticated yaks exceeds 13.3 million [5], and the annual 
production of their manure can be as high as 4.86 million tons [6]. Yak 
manure contains a large amount of hemicellulose and lignin, and its 
calorific value is higher than that of other animal manure [7–9]. 
Furthermore, the arid climate of Tibet results in a moisture content of 
less than 10 % [10], which makes yak manure an ideal fuel that farmers 
and herders have widely used. According to statistics, biomass, 
including yak manure, accounts for almost 70 % of the total energy 
consumption of local households [11], which can also cause a problem 
of environmental pollution. Considering the environmental pollution 

associated with traditional burning practices [12,13], it is essential to 
study the combustion characteristics of yak manure, which is crucial not 
only for understanding the combustion process but also for designing 
and optimizing environmentally friendly burners and advanced utili
zation strategies, especially at high altitudes.

Cattle manure has been extensively studied for its potential as a 
biomass fuel [14–19]. Researches indicate that cattle manure has a high 
volatile content (typically ranging from 50 % to 70 %) and a moderate 
ash content (approximately 15 %–35 %), with a calorific value ranging 
from 11.6 to 16.44 MJ/kg, making it a promising fuel source [14–19]. 
During combustion, the hemicellulose, cellulose, and lignin in cattle 
manure decompose sequentially as the conversion rate increases [18], 
and volatile components often ignite before the particles themselves 
catch fire [20]. Compared to anthracite coal, cattle manure exhibits 
lower ignition and burnout temperatures due to its higher volatile 
matter content [21]. Additionally, when mixed with textile dyeing 
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sludge, cattle manure demonstrates superior combustion performance, 
characterized by higher initial combustion temperatures, lower final 
temperatures, and shorter combustion durations [15]. However, most of 
these studies have been conducted under standard atmospheric condi
tions, without considering the unique environmental factors of 
high-altitude regions, such as low pressure and low oxygen availability. 
The existing findings may not fully capture the real combustion pro
cesses occurring in plateau regions, and the research for these special
ized investigations under these extreme conditions is need.

Experiments simulating plateau conditions have demonstrated that 
low pressure significantly affects combustion temperature, radiant heat 
flux, and flame temperature [22–24]. For instance, under low pressure, 
wood ignites earlier and exhibits increased mass loss due to a lower 
critical heat flux density [25]. Cardboard combustion tests further 
revealed that low pressure attenuates solid combustion and eliminates 
visible flames, although smoldering persists [26]. Additionally, low 
pressure and oxygen levels alter heat and mass transfer between fuel 
particles and the environment, influencing ignition patterns and 
swelling behavior [27]. These studies highlight the complex and sig
nificant impact of low-pressure, low-oxygen environments on combus
tion processes. But the research on the combustion characteristics of 
cattle manure, biomass or coal under simulated plateau conditions re
mains very limited.

In fact, pressure is critical factor influencing fuel combustion char
acteristics and has been studied widely at elevated pressure range [28,
29]. Studies have shown that elevated pressure significantly alters the 
physical and chemical properties of the char, affecting their subsequent 
combustion behavior [30–32]. For instance, Fermoso et al. [30] pre
pared and characterized devolatilized coal char at pressures of 1, 5, 10, 
and 20 atm, finding that increased pressure reduces volatile yield and 
enhances secondary tar reactions, leading to a more reactive coal char. 
Similarly, Zeng et al. [31] prepared chars at pressures of 1, 6, 10, and 15 
atm, and observed that chars exhibited a slight increase in dissolution 
behavior with increasing the pyrolysis pressure. This was attributed to 
the faster production of volatiles within particles compared to their 
escape from pores, thereby influencing the subsequent combustion 
process. Lin et al. [32] prepared and characterized char at different 
pyrolysis pressures and found that the relative content of OH groups was 
lower at higher pressure during devolatilization, suggesting that the 
high pressure promoted the fracture of phenol and hydroxyl functional 
groups. They also found that the intrinsic reactivity of char monotony 
decreased with increasing pressure, similar to the changing trend of the 
small aromatic ring structure of char with the increase of pressure. Other 
studies also found that the oxygen transfer under the high-pressure 
conditions also play a key role on the combustion characteristics 
[33–35]. For instance, Li et al. [34] demonstrated that high-pressure 
conditions result in more pronounced combustion flames, higher char 
combustion temperatures, and shorter burnout times, which they 
attributed to improved oxygen mass transfer capacity. Yan et al. [35] 
studied the combustion of coal and biomass under pressurized condi
tions, revealing that while pressurization increases combustion rates, it 
can also delay ignition. They concluded that higher pressure has dual 
effects on combustion characteristics, promoting combustion while 
simultaneously inhibiting oxygen diffusion. These studies demonstrate 
that pressure significantly influences volatile release, char structure, 
combustion reactivity, and oxygen transfer, thereby affecting the com
bustion characteristics of fuels. These factors provide a critical founda
tion for further research into the combustion behavior of granular yak 
manure under simulated plateau conditions.

This study systematically investigated the devolatilization charac
teristics and combustion behavior of granular yak manure under varying 
pressure and oxygen partial pressure conditions using a novel concen
trating photothermal combustion experimental system. The study pro
vides a comprehensive analysis of pressure-dependent transformations 
in char structure, including carbon skeleton evolution, stable free 
radical, and pore structure development during devolatilization. High- 

speed imaging and real-time temperature monitoring were employed 
to capture particle behavior, and the ignition characteristics were 
mainly revealed. Furthermore, the distinctive effects and underlying 
mechanisms of low-pressure and low-oxygen environments on the 
combustion process were systematically explored, advancing the un
derstanding of biomass fuel utilization in high-altitude conditions.

2. Methodology

2.1. Material and sample preparation

The raw Yak manure was collected from Ali Chabu Township in the 
Ali Region of Tibet at an elevation of 4566 m altitude above sea level. In 
the real applications, yak manure is usually pie-shaped with a size of 
150–300 mm in diameter and 10 mm–30 mm in height [12]. It is air 
dried, just natural fragmentation or simply broken into a few pieces 
before using as a traditional fuel for home heating and cooking. So, in 
real applications, the pretreatment of the yak manure is rather crude and 
also the size is big, which makes it difficult to quantitatively study the 
effects of pressure and oxygen concentration on its combustion char
acteristics. Therefore, in this study, the raw yak manure was first pul
verized to the powder with a size between 125 and 212 μm to ensure 
relative homogeneity of the samples, reducing its effects on the com
bustion. Then the sample was pressed into cylindrical pellets with a size 
of approximately 6.47 mm in diameter and 2.5 mm in height as shown in 
Fig. 1, which is roughly reduced in proportion to the actual size 
(assumption: the pie-shaped yak manure is 200 mm in diameter and 20 
mm in height, and it is simply broken into 4 pieces when sent to the 
combustion boiler). By this pretreatment, the sample can be suitable for 
the precise combustion system to investigate the detailed combustion 
mechanism, and is also very important for the meaning of the current 
study to guide the real applications. The Proximate and ultimate analysis 
and the heating value of the yak manure powder samples were tested 
and the results are shown in Table 1. During pelleting, for each particle, 
yak manure powder weighed 0.1050 ± 0.0020 g was used and a forming 
pressure of 10 MPa was adopted. Further, a 1 mm hole was meticulously 
drilled into the center of each particle to enable suspension in the 
reactor.

2.2. Concentrating photothermal combustion experimental system

To simulate the high heating rate typical of yak manure combustion, 
minimize the impact of secondary reactions, and enable multi- 
parameter real-time monitoring of the particle combustion process, 
combustion experiments were conducted using a concentrating photo
thermal particle combustion system as depicted in Fig. 1. This system 
mainly comprises four distinct modules: a gas supply unit, a heating 
reactor, a vacuum control apparatus, and a data acquisition module. The 
gas supply component governs the flow rate and the oxygen concen
tration of the gas supplying into the reactor. During the experiment, a 
vacuum pump was used to adjust and maintain a constant pressure in
side the reactor to replicate the low-pressure environment found in 
plateau regions. The main pressure reducing valve is adjusted to the 
same number as the vacuum regulating valve to adjust the vacuum level 
in the reactor and to ensure a stable pressure in the combustion zone. 
The reaction system is tested for airtightness before the experiment to 
prevent outside gases from entering the reactor and affecting the gas 
ratio. The core of the heating module features a stainless-steel reactor 
(60 × 60 × 90 mm) housing two halogen tungsten lamps (24 V/250 W), 
each with a power supply. Adjustments in the voltage achieved varia
tions in energy input to the reactor. The reactor has transparent quartz 
windows on all sides to transmit light and enable visual observation. A 
tar cooling unit and gas filtration system were positioned at the reactor 
outlet to condense moisture and tar from the gas, preventing vacuum 
pump blockages. A thermocouple was used to monitor internal tem
peratures of particle, which were logged onto a data recorder (NI cDAQ- 
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9174). Capturing real-time combustion dynamics was achieved through 
a high-speed camera (PHOTRON FASTCAM UX-50), which recorded 
dynamic visuals through the reactor’s front glass window. In addition, a 
flue gas analyzer (MRU NOVA-PLUS) connected to the end of the vac
uum pump was used for real-time monitoring of the emission volume 
fraction of CO and NO during the experiments. This multifaceted 
approach ensured accurate and instantaneous measurement of crucial 
parameters throughout the experimental process. More details about the 
temperature control for the concentrating photothermal combustion 
experimental system can be referred to our previous studies [36,37]. In 
order to study the combustion process of yak manure at different alti
tudes, we selected three pressure conditions in China: 4500 m above sea 
level in Ali, Tibet (about 0.05 MPa), 2300 m above sea level in Xining, 
Qinghai (about 0.075 MPa), and 100 m in Wuhan, Hubei, (about 0.1 
MPa). It must be pointed out that in the atmosphere below 8000 m 
altitude above sea level, the volume fraction of oxygen usually remains 
around 20 %. However, as altitude increases, the thinning of the at
mosphere leads to a decrease in the absolute oxygen content. To more 
accurately represent the number of oxygen molecules flowing around 
the particles, the partial oxygen pressure in the air can be calculated 
using Dalton’s law of partial pressures as equations (1) and (2). When 
the oxygen partial pressure in the reactor remains constant, it can be 
assumed that a certain number of oxygen molecules flow around the 
particles, thus more accurately representing the tendency of the oxygen 
content to decrease with increasing altitude. Low oxygen conditions 
throughout this paper denote low oxygen partial pressure conditions. 

P=
∑n

i=1
Pi (1) 

PO2 =P⋅xO2 (2) 

P is the total pressure, PO2 is the oxygen partial pressure, and xO2 is 
the oxygen to air ratio. Since the above gases are approximate ideal 
gases, the ratio of the number of substances can be approximated to the 
volume fraction. So, the three conditions had partial oxygen pressures of 
0.01 MPa, 0.015 MPa, and 0.02 MPa, respectively. The experimental 
conditions recorded are the total pressure in the reactor (P) and the 
partial pressure of oxygen (PO2). To distinguish between pressure and 
oxygen content conditions in each experimental condition, the experi
mental condition was recorded as total pressure (P)-partial pressure of 
oxygen (PO2) in the reactor, e.g., 0.1–0.02 indicates a total pressure of 
0.1 MPa and a partial pressure of oxygen of 0.02 MPa in the reactor. In 
these experiments, the settings were set up to have total pressures of 0.1 
MPa, 0.075 MPa and 0.05 MPa and partial pressures of oxygen of 0.02 
MPa, 0.015 MPa and 0.01 MPa in the reactor, respectively. The actual 
working conditions were labeled (Condition series d), when the pressure 
and partial pressure of oxygen were reduced in the same proportions. 
The low pressure condition (Condition series b) and low oxygen partial 
pressure condition (Condition series c) were also set to better reveal the 
independent effects of pressure and oxygen content on the combustion 
process at high altitude. In addition, pyrolysis conditions at different 
pressures are set up (Condition series a) to investigate the effect mech
anism of pressure on the devolatilization process under a 1000 mL/min 

Fig. 1. The schematic diagram of the sample preparation process and the concentrating photothermal combustion experimental system.

Table 1 
Proximate and ultimate analysis of dried yak manure.

Sample Proximate analysisa wt./% Ultimate analysisb wt./% HHV MJ⋅kg− 1

A V FCc M C H Oc N S

Yak manure 27.27 51.78 13.31 7.64 33.24 4.29 30.90 1.82 0.22 13.37

a Air dry basis.
b Dry basis.
c Calculated by difference.
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nitrogen atmosphere. In these experiments, the voltage was set to 20 V, 
the radiated heat from the two lamp cups was about 370 J/s, and the 
vacuum regulating valve was set to 0.1 MPa, 0.075 MPa, and 0.05 MPa, 
respectively. To investigate the structure evolution characteristics of 
char during the devolatilization process, the reaction was interrupted at 
the moments of 5 s, 10 s, 15 s, 20 s, 30 s, 60 s, 90 s, 120 s, and 150 s in the 
devolatilization experiments and the char particles were collected for 
the further characterization.

2.3. Characterization of the char structures

Raman spectra of the chars were obtained in a micro-Raman spec
trometer (Thermofisher DXR2). The laser power was controlled at 1 mW 
to reduce the thermal damage. In order to reduce the errors caused by 
the heterogeneity of the biochar, all tests were performed in a mapping 
mode according to our previous studies [38]. This method tested more 
than 20 points for each sample, and the average spectrum was calculated 
and used for further structure analysis. Raman bands in the range of 
800–1800 cm− 1 are related to the structure of the carbon skeleton of 
organic matter. The common Raman spectroscopy deconvolution anal
ysis methods include ten bands method and five bands method. Gener
ally, the five bands method is mostly used for materials with high 
graphitization degree [39,40]. This study involves the structural evo
lution throughout the entire devolatilization process of the material; 
thus, the ten bands method is used for Raman spectral analysis according 
to Li et al. [41] and our previous studies [42,43]. Fig. S1 shows A sample 
of ten band method for data processing of the Raman spectrum. The 
results include the band (R, SR, S, SL, D, VR, VL, GR, G, GL bands, and 
shown in Table S1). It was found that the D band can mainly represent 
the condensed extensive aromatic ring system (not less than 6 rings) in 
char. The G band can be mainly attributed to the aromatic ring quadrant 
breathing for low graphitization degree carbon materials [44]. There
fore, AD/AG can partially reflect the relative content of ordered rings 
(large aromatic rings) in char [43].

The characteristics of the stable free radical in the chars was 
measured by an Electron Paramagnetic Resonance (EPR) spectrometer 
(Bruker MS5000), the same with our previous studies [38,45]. The 
magnetic field range was set to 320–350 mT with the center field at 335 
mT. The scanning width was 10 mT, and the scanning time was 60 s. The 
concentrations of stable free radicals were calculated based on the 
double integral of the EPR spectrum. The g values of the biochar were 
calculated to reflect the type of stable free radicals according to our 
previous studies [38]. The g value was calculated as follows: 

g=
hv

μBBr
(3) 

Where h is Planck’s constant, v is microwave frequency, μB is the Bohr 
magnetron and Br is the magnetic strength. The magnitude of the g 
factor can represent the type of free radicals, and according to the study, 
when the g factor is between 2.0030 and 2.0040, the free radicals are 
mainly in the form of a mixture of oxygen- and carbon-centered radicals. 
When the g factor is larger than 2.0040 and less than 2.0030, the free 
radicals in biochar are mainly centered on oxygen atoms and carbon 
atoms, respectively [38].

The char’s specific surface area and pore volume were tested by ni
trogen adsorption/desorption (JW-BK200A, JWGB) and calculated ac
cording to the BET and BJH methods [46,47]. Given the wide range of 
pore size distribution of this sample, the pore size distribution curve 
used in this study is dV/dlogD, where V represents pore volume and D 
represents pore diameter.

3. Results and discussion

3.1. Image characteristics of the particles during devolatilization and 
combustion

The pictures of the devolatilization and combustion process of yak 
manure particles under different conditions are shown in Fig. 2. As can 
be seen from all these figures, both the devolatilization and combustion 
processes can be divided into three stages. Stage I is the temperature 
rapidly rising section. In this stage, the light source begins to illuminate 
the particles, and there is little observable change. This stage is very 
short and continues for approximately 2–3 s. Then, large amounts of 
“smoke” are released from the surface of the particles, which can be 
marked as stage II. In this stage, a significant release and oxidation of 
volatile components occurs, and it can continue even for about 20 s. 
Following the release and oxidation of the volatile, char particle can be 
clearly found and continues for tens of seconds, which can be marked as 
stage III. In this stage, the char aromatization occurs during the devo
latilization as the char particle is dark, and char oxidation occurs with a 
noticeable increase in the brightness of the char during combustion 
conditions. So, it can be distinguished the char aromatization or com
bustion from the brightness of the char in this stage. It needs to point out 
that, in Stage II, large amount of volatiles release from and around the 
particle, it can be very hard to confirm when the volatile or the char 
ignition, which will be further analyzed combing the particle tempera
ture in Section 3.3.

As shown in Fig. 2, it can be also seen that the stage II of the particles 
during devolatilization is significantly longer than the same stage of the 
combustion process. It suggests that the release of the volatiles can be 
also affected by oxygen content in the atmosphere. Oxidation or com
bustion of the volatiles can accelerate their release. Besides, as the total 
pressure decreases from 0.1 MPa to 0.05 MPa, the duration of stage II 
also decreases. While, when the partial pressure of oxygen decreases, the 
duration of stage II is reversed. When the pressure and oxygen partial 
pressure were simultaneously reduced, as shown in Fig. 2(d), the 
reduction was less than when only the total pressure was reduced. This 
indicates that the decrease in oxygen partial pressure increases the 
duration of the volatile release and makes the release and combustion of 
volatiles more difficult. The results illustrate that changes in oxygen 
levels and atmospheric pressure can significantly impact the combustion 
process.

To quantitatively characterize the processes depicted in Fig. 2, we 
define the tdelay (devolatilization delay time) as the duration between a 
particle’s exposure to the light source and the onset of volatile release, 
and the tduration (devolatilization duration) as the time from the start of 
volatile release to their complete disappearance within the reactor. The 
results of the tdelay and tduration for all the conditions are shown in Fig. 3. 
From Fig. 3(a), it can be observed that as the environmental pressure 
decreases, both the delay time and the duration of volatile components 
decrease. When maintaining a constant oxygen partial pressure inside 
the reactor, the total pressure drops from 0.1 MPa to 0.05 MPa, the 
duration of volatile component removal decreases significantly from 
18.9 s to 13.7 s, marking a substantial reduction of 27.51 %. From Fig. 3
(b), it can be observed that as the oxygen content in the environment 
decreases, the delay time of volatile compounds continues to decrease, 
but the duration of volatile compounds increases from 18.9 s to 26.3 s, 
representing a growth of 39.15 %. When both factors decline simulta
neously, as shown in Fig. 3 (c), the tdelay and tduration of volatile com
ponents both decrease. However, the reduction is less pronounced 
compared to Fig. 3 (a), with a decrease of only 5.29 %. This phenomenon 
indicates that the release of volatiles is facilitated under low-pressure 
conditions and the low oxygen condition can increase the duration of 
the volatile release process. In a low-pressure environment, there is a 
significant pressure difference between the interior and the surround
ings of the particles, making it easier for volatiles to be released. On the 
other hand, in an oxygen-containing environment, the oxygen can react 
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with the volatiles and further speed up the release and consumption of 
the volatiles. When the oxygen partial pressure in the atmosphere de
creases, the supply of oxygen is limited, reducing the consumption rate 
of volatiles around the particle, thus decreasing the speed-up degree for 
the release and consumption of the volatiles. Therefore, under condi
tions of both low pressure and low oxygen, two opposite effects take 
place. As a compromise reduction for the duration of volatile release is 

observed under both low pressure and low oxygen condition, it indicates 
that the promoting effect of low pressure on volatile release is more 
pronounced than the effects of low oxygen.

The swelling characteristics of yak manure particles during the 
devolatilization and combustion processes are illustrated in Fig. 4. From 
Fig. 4, it can be seen that in all four sequential conditions, the swelling 
rate of the particles increases slightly at Stage I, then decreases sharply 

Fig. 2. Devolatilization and combustion process of yak manure particles under different conditions.
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when the particles experiences Stage II, and finally decreases slowly in 
Stage III. At the initial Stage I (about 0–2.5 s), the particles expand due to 
heating, causing an expansion of the particle and an increase in particle 
volume. At intermediate Stage II (about 2.5–30 s), a significant release of 
volatile components from the particles rapidly reduces particle volume. 
At the late Stage III (about 30–150 s), the continuous combustion of char 
causes a slight decrease in particle volume. It should be noted that the 
particles still maintain quite large particle morphology in the later stage 
of combustion due to the high ash content in the char particle.

In the N2 atmosphere in Fig. 4(a), the particles’ volume decreases as 
the pressure decreases, especially for the particles after Stage II. This is 
mainly because the pressure gradient inside and outside the particles at 
low pressures increases the ability of volatiles to precipitate outward, 
promoting the release of volatiles and weakening the effect of volatiles 
on the particle volume. This highlights the critical effects of pressure on 
the devolatilization process and explains the phenomenon of low 
swelling ratios at low pressures exhibited in Fig. 4(b) and (d). It is 

noteworthy that the expansion tendency of the particles changes when 
oxygen is present in the atmosphere as shown in Fig. 4(a) and (b), and it 
is clear that oxidation reaction of the volatile or char indeed affects the 
volume size of the particles. This may be due to the different mecha
nisms by which pressure and oxygen influence the swelling character
istics of the particles, resulting in the existence of the optimum value of 
the swelling ratio of the particles. In addition, as shown in Fig. 4(c), the 
variation of the particle swelling ratio decreases with the decrease of 
oxygen partial pressure. It is tiny in the deficient oxygen partial pressure 
environment. It indicates that the partial pressure of oxygen in the 
environment has a limited effect on particle swelling. In contrast, the 
swelling characteristics are strongly influenced by the volatile release 
rate in the particles.

3.2. Effects of the pressure on the char structure evolution during 
devolatilization

3.2.1. Char yield
The char yield of yak manure at different pressures during devola

tilization is illustrated in Fig. 5. It is evident that the weight loss of 
particles primarily occurs within 5–30s, accounting for approximately 
90 % of the total particle mass loss. With a decrease in pressure, the char 
yield of the particles also decreases. It indicates that the lower the 
pressure of the condition, the more significant the amount of volatiles 
released from the particles. The difference between the char yield at 
0.05Mpa and 0.1Mpa can be more significant than 5 %. This phenom
enon can be mainly attributed to two main factors. Firstly, the volatile 
components in yak manure particles diffuse from the insides of the 
particles more easily under low-pressure conditions, which shortens the 
residence time of the volatiles in the char. Besides, it can significantly 
reduce the secondary reaction between the volatiles and the nascent 
char, consequently reducing the quantity of generated char. These two 
factors produce a lower char yield for yak manure particles under low- 
pressure conditions. It needs to point out that the difference in the 
char yield between various pressure conditions decreases with the 
continuing of the thermal dealing and the char yield nearly almost the 
same after 30s, which can be mainly attributed to the further release of 
the volatile and the broken of the cross-link structures forming during 
the secondary reaction between the volatiles and the nascent char at 

Fig. 3. Devolatilization delay, devolatilization duration of yak manure particles 
during combustion.

Fig. 4. Swelling ratio of yak manure particles during pyrolysis and combustion.
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higher pressure condition. How the accelerated release of the volatiles 
affects the char structures and combustion characteristics is worthy of 
further study.

3.2.2. Evolution of the carbon skeleton structure during devolatilization
Fig. 6 shows the changing trend of the chars’ Raman band area ratio 

AD/AG during the devolatilization process of yak manure at different 
pressures. As the devolatilization process proceeds, the ratio of AD/AG of 
the char decreases between 0 and 15 s. In this stage, a large amount of 
volatiles releases from the char. Yak manure mainly consists of lignin, 
cellulose, and hemicellulose. So, the number of aromatic rings in raw 
yak manure is limited []. Under heating, except for the rapid release of 
volatiles, alkane, olefins can translate into aromatic hydrocarbon, tiny 
aromatic rings. Therefore, in this stage, the ratio of large aromatic rings 
in the aromatic hydrocarbon rapidly decreases. Besides, as the pressure 
decreases, the ratio of AD/AG increases in this stage. It is mainly because 
more volatiles components that are mainly alkane and olefins or small 
aromatic rings remain in the char, forming more small aromatic rings for 
higher pressure conditions [43], which can result in a lower value of 
AD/AG.

With the devolatilization process proceeding further, the AD/AG of 
the char increases from a decrease between 15 s and 20 s. From the 
results of the char yield, it can be known that this stage is between the 
middle and the later stages of the devolatilization process. It means a fair 
number of volatiles are still released from the char after this stage. It is 
known that these volatiles/tars would probably form more through the 
breakage of aliphatic structures or the loss of alkyl-substituted attached 
to the original aromatic rings with little effect on the original aromatic 
rings in the char [48]. Thus, the small aromatic rings combine to form 
larger aromatic rings, which also start to significantly take place in this 
stage, increasing the AD/AG. It must be pointed out that the larger the 
pressure, the larger the increase. This is mainly because for the chars 
under high pressure, the release of the volatiles is slower, and volatiles 
continue to form and release from the char. During this process, the 
newly forming volatiles can combine with the volatiles/tar that remain 
in the char, forming larger aromatic rings. In the later stage of the 
devolatilization process, the release of the volatiles is finished. The 
condensation of the aromatic rings mainly takes place. Thus, the AD/AG 
of all the chars increases rapidly. Besides, the AD/AG for the chars 
formed under different pressures in this stage has no noticeable 
discrepancy. It indicates that the pressure mainly affects the char 
structures in the volatile release stage, and these differences are reduced 
as condensation takes to a great degree.

3.2.3. Evolution of the stable free radicals in the char during 
devolatilization

Fig. 7 shows the change trends of the concentration (Fig. 7(a)) and 
the g value (Fig. 7(b)) of the stable free radicals in the char during the 
devolatilization process of yak manure. From Fig. 7(a), with the devo
latilization process, the concentration of the stable free radicals in the 
char increases rapidly, reaching the maximum value at 20 s, and then 
rapidly decreases. The increased process of stable free radicals mainly 
corresponds to the primary process of the release of volatile. It is known 
that the formation and release of volatiles is a free radicals’ reaction 
process, in which the bonds break, forming many free radicals [45]. 
Some of them release from the char, and another part can remain in the 
char, such as the broken side bond of the aromatic rings. In this process, 
most of them rapidly annihilate each other as they are very active. 
However, some of them can be stabilized due to the space steric hin
drance effect of the molecular network of char [49]. So, it also confirms 
that the significant condensation of the aromatic rings takes place after 
20 s, during which, the stable free radicals eventually annihilate as the 
shrinking distance between macromolecules increased. At the same 
time, it shows an interesting phenomenon that the concentration of 
stable free radicals initially increases and then decreases with the 
extension of pyrolysis time, while the carbon skeleton structure 
parameter AD/AG first decreases and then increases. This suggests a 
significant correlation between the changes in the biochar’s carbon 
backbone structure and the generation of stable free radicals. In the 
early stages of devolatilization, covalent bonds in substituents such as 
C-O, methylene and methyl groups gradually break, forming free radical 
fragments. These free radical fragments interact with each other and 
form new chemical bonds due to their high reactivity, releasing small 
molecular compounds and participating in the synthesis of small aro
matic ring structures. As a result, the concentration of stable free radi
cals increases during this stage, while AD/AG decreases. However, in the 
later stages of devolatilization, aromatic rings undergo condensation, 
leading to a significant increase in the formation of large aromatic ring 
structures. With the enhancement of their stability, the concentration of 
stable free radicals gradually decreases. Additionally, the compression 
of the carbon backbone structure increases the chances of annihilation 
between stable free radicals, further accelerating the decrease in free 
radical concentration. Consequently, in this stage, the free radical con
centration decreases while AD/AG increases. Thus, it is evident that the 
evolution of the carbon skeleton structure and the generation of free 
radicals are closely related, and their interactions play a crucial role in 

Fig. 5. Char yield of yak manure at different pyrolysis pressures.

Fig. 6. Carbon skeleton structure evolution of yak manure under 
different pressures.
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the pyrolysis process.
As shown in Fig. 7(b), the g factor of the stable free radicals exhibits a 

trend of initially increasing and then decreasing with the progression of 
devolatilization time. Notably, the g factor increases during the first 10 s 
of devolatilization and decreases thereafter. The g factor of stable free 
radicals is indicative of their type, and when the g factor falls within the 
range of 2.0030–2.0040, it typically reflects the presence of a mixture of 
carbon-centered and oxygen-centered radicals. Smaller g factor suggests 
higher relative abundance of carbon-centered radicals. The results in 
Fig. 7(b) further suggest that the decomposition of oxygen-containing 

functional groups and side chains, such as C=O and O-H during the 
early stages of pyrolysis, leads to the generation of oxygen-centered 
radicals, which are retained within the internal structure of the char. 
At the same time, the formation rate of carbon-centered radicals is 
relatively slow during this stage. As a result, the stable free radical 
characteristics in the initial pyrolysis phase are predominantly influ
enced by oxygen-centered radicals, which is reflected in the observed 
increase in the g factor. As the devolatilization process continues, it can 
be seen that the g-factor continually decreases with the increase of the 
devolatilization degree. This suggests that as the devolatilization degree 

Fig. 7. Changes of the stable free radical during devolatilization under different pressures.

Fig. 8. Pore structure evolution of yak manure under different devolatilization pressures.
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increases, there are more carbon-centered radicals, attributable to the 
release of oxygen atoms from the char. Additionally, higher pressure 
conditions result in elevated g-factors for the char. This indicates that 
pressure during the devolatilization process at low temperatures also 
influences the types of radicals. This can be attributed to the fact that 
under higher pressure, a greater quantity of volatiles/tar containing 
more oxygen-centered radicals tends to remain in the char, contributing 
to the formation of the char with a higher concentration of oxygen- 
centered radicals.

3.2.4. Evolution of the pore structures in the char during devolatilization
Fig. 8 shows the change trends of the specific surface area (Fig. 8 (a)), 

pore volume (Fig. 8 (b)), and pore size distribution (Fig. 8 (c)) during the 
devolatilization process of yak manure. As shown in Fig. 8 (a), the 
specific surface area of the pore structure in yak manure gradually in
creases before 15 s. It then rapidly increases within 15–30 s as the 
devolatilization process proceeds. As pressure decreases, the growth rate 
of the pore-specific surface area was accelerated in the 15–30s stage, and 
the specific surface area of the chars under 0.05 MPa first reaches its 
maximum value and then remains relatively stable. The specific surface 
area of the chars under 0.075 MPa and 0.1 MPa continues to increase 
after 30 s before eventually reaching the same maximum value as the 
chars under 0.05 MPa. As shown in Fig. 8(b), the changing trend of the 
pore volume for the char particles is similar to the specific surface area. 
It increases with the increase of the devolatilization time, and the 
increasing rate rises with the decrease in pressure. From the pore size 
distribution shown in Fig. 8(c), it can be seen that before the 20 s, during 
the devolatilization, the pores with a size between 2 nm and 30 nm all 
had a mild increase. After 20 s, the pores between 2 and 3 nm signifi
cantly increase. These results indicate that more and more pores form 
during the devolatilization process. Combing with the devolatilization 
process image (Fig. 2) and char yield (Fig. 5), it can be known that the 
number of pores between 2 nm and 50 nm all increases in the early stage 
of the devolatilization process, and the pores with the size less than 10 
nm especially less than 3 nm mainly form in the later stage of the 
devolatilization process, which makes the significant contribution for 
the increase of the specific surface area and pore volume [50]. It in
dicates that the rapid release of the volatiles can promote the formation 
of pores with a wide range of sizes, and the aromatization of the char in 
the later stage of devolatilization mainly takes place, which has a sig
nificant contribution to the formation of pores with smaller size.

It can also be seen from Fig. 8(c) that the number of pores between 2 
and 10 nm significantly increases at 20 s for the chars formed at 0.05 
MPa, earlier than that at 0.075 MPa and 1 MPa. It is consistent with the 
results that the release of volatiles is completed and aromatic conden
sation takes place earlier, and thus smaller pores are formed earlier at 
0.05 MPa. It needs to point out that the number of 2 nm and 3 nm in the 
char prepared at 0.1 MPa is largest and the number of pores between 3 
nm and 8 nm is largest for the char at 0.05 MPa at later stage of the 
devolatilization process. There are two main reasons for the result. One 
is that the release of volatiles is completed earlier at 0.05 MPa, the pore 
size slightly increases with the collapsing and fusing of the inter-pore 
spaces. The other factor is that the volatiles stay longer inside the par
ticles, and more secondary reactions can occur under higher pressure 
conditions, forming some soot or small charcoal particles, thus being 
part of the pores, reducing the pore size, or even blocking the pores and 
reducing the pore volume and specific surface area [33].

3.3. Effects of the pressure and oxygen on the ignition and combustion 
characteristics

The changing trend of the temperature of a typical yak manure 
particle during combustion is illustrated in Fig. 9. The average relative 
standard deviation (RSD) of the particle temperature was calculated for 
each condition throughout the combustion process to determine the 
stability of the experimental system during particle combustion. The 
results showed that the RSD was consistently below 5 % for all operating 
conditions. The RSD peaks only occurred during the initial and ignition 
phases, indicating good repeatability of the combustion phase. The de
rivative of the temperature curve calculates the heating rate. As 
observed in Fig. 9, when the light source startes to work, the particle 
temperature and heating rate rapidly increases. Subsequently, a signif
icant amount of moisture and volatile matter is released, and the heating 
rate decreases slightly as this process is endothermic. Following this, the 
volatile matter ignites and undergoes gas-phase combustion. With a 
large amount of heat releases during the volatile combustion, the par
ticle’s heating rate significantly increases. Additionally, the combustion 
of the volatile matter affects the oxygen diffusion from the outside to the 
char surface, preventing the char particles from igniting. As the heat 
released from volatile combustion decreases, the rate of rises in the 
temperature of the particles decreases. Char particles are ignited when 
there is no visible flame of the volatile, and the temperature is high 

Fig. 9. Typical temperature change process of yak manure particles during combustion.
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enough in the reactor. As the char oxidizes, the temperature eventually 
stabilizes, and the particles burn out. Based on this process, the ignition 
temperature of the particle (Tignition) is defined as the point at which the 
heating rate significantly increases. The peak temperature of the particle 
(Tpeak) is defined as the maximum temperature of the process, and the 
average of the particle temperature (Tave) is calculated for the whole 
combustion process. The point when the temperature of the char particle 
decreases to Tave again is defined as the burnout point. The times of the 
point for the Tignition, Tpeak, and burnout are defined as tignition, tpeak, and 
tburnout.

Fig. 10 illustrates the temperature profile of yak manure particles 
during devolatilization and combustion for different conditions. As 
shown in Fig. 10(a), the temperature of the particles increases rapidly 
upon the application of the light source and eventually stabilizes. With 
the decrease of devolatilization pressure, the temperature of the parti
cles increased from 630 ◦C to approximately 650 ◦C. The temperature of 
the particles at low pressure is about 20 ◦C higher than that at atmo
spheric pressure in the later stage of the devolatilization, which is 
because there is less char formation and high temperature can be got 
with the same thermal supplement. Besides, the formation of more pores 
in the char reduces outward heat transfer from the particles, helping to 
maintain a relatively high temperature. As shown in Fig. 10(b), it is 
evident that the heating rate during the drying and devolatilization 
stages is significantly higher under lower environmental pressure with 
the same oxygen partial pressure. This is mainly attributed to the fact 
that the volatiles can release earlier, and oxidation of the volatiles takes 
place more significantly, resulting in a higher peak temperature of the 
char particles. Besides, as the pressure decreases, the heating process 
takes on a “step” character and an obvious subsection exists. This phe
nomenon is attributed to separating volatile ignition and combustion 
from the combustion of the char particles [51]. At low pressure, the early 
combustion of volatile components leads to a concentrated heat release, 

prompting temperature segmentation.
As shown in Fig. 10 (c), as the partial pressure decreases, the peak 

temperature decreases, and the temperature-fall period becomes 
smoother, indicating both the oxidation of the volatile matter and char 
are milder and combustion duration is prolonged in a low oxygen 
environment. In Fig. 10(d), as the pressure and oxygen partial pressure 
both decrease, the temperature of the particles will increase as a whole. 
Based on the previous analysis, it can be inferred that the combustion 
process in low-pressure, low-oxygen environments can be influenced by 
the heat and mass transfer between the particles and their surroundings.

From the above results, it can be known that the combustion process 
can be indeed influenced by the pressure and the partial pressure of 
oxygen. To investigate the mechanisms underlying the influence of 
pressure and oxygen on the particle combustion characteristics, a heat 
balance equation for the combustion of yak manure particles within the 
reactor is formulated [34,52,53]: 

ρpVcp
dTp

dt
= qL + hgAp

(
Tg − Tp

)
+ qcfp + qrfp + qC− O2 (4) 

in this equation, ρ, V, c, T, and A represent yak manure particles’ den
sity, volume, specific heat capacity, temperature, and surface area. The 
radiative heat input from the lamp cup is denoted as qL. hg stands for the 
convective heat transfer coefficient between the gas and particles. qcfp 
indicates the convective heat transfer between the flame and particles. 
qrfp corresponds to the radiative heat transfer between the flame and 
particles. Heat release from char oxidation is represented as qC-O2. 
During the experiment, the temperature change of the particles is 
affected by the combination of radiant heat from the lamp cup, 
convective heat transfer between the flame and the particles, radiant 
heat transfer, and the heat of reaction of the combustion of the particles. 
The change of reaction pressure as well as oxygen concentration can 
change the diffusion ability of oxygen molecules in nitrogen, which can 

Fig. 10. Temperature during yak manure combustion at different pressures and oxygen contents.
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have an effect on the physical properties of the gas, and also affect the 
pore structure of the particle, changing the particle thermal resistance 
and the heat transfer process, and affecting the heat balance of equation 
(4).

To facilitate comparison, Fig. 11 illustrates the characteristic tem
peratures of the particles under different conditions. This depiction 
enhances clarity and enables a more comprehensive comparison of 
particle behaviors under various conditions [54,55]. In Fig. 11(a), it is 
evident that with a decrease in environmental pressure, the ignition 
temperature, peak temperature, and burnout temperature of the parti
cles all increase while the corresponding times decrease. This suggests 
that the combustion process of particles under low pressure becomes 
more compact and intense. Combining the heat balance equation (4)
with Fig. 11(a), the following inferences can be readily drawn: 
low-pressure conditions promote the devolatilization and ignition of the 
volatile. The heat exchange between volatiles and particles (qcfp, qrfp) is 
more significant at lower pressures, resulting in earlier ignition of the 
particles. Besides, the low pressure promotes the development of the 
pore structure of the particles, resulting in a decrease in the specific heat 
capacity (cp) of the particles and an increase in the rate of change of 
temperature (dT/dt) at the same time. In addition, the time required for 
complete combustion is shortened due to the separation of the volatile 
components from the char combustion process, weakening the interac
tion between the volatile components and the char.

As shown in Fig. 11(b), it can be observed that as the oxygen partial 
pressure in the atmosphere decreases, both the ignition temperature and 
the burnout temperature of the particles increase. In contrast, the peak 
temperature decreases, and the corresponding times all show an in
crease. This suggests that under low oxygen conditions, the combustion 
process of particles becomes milder. According to the analysis based on 
the heat balance equation, a low oxygen environment inhibits the re
action between oxygen molecules and the volatile matter and char, 
resulting in a slow release of qC-O2. As a result, the ignition time and 
combustion time are prolonged, and the peak temperature of the par
ticles is reduced.

As shown in Fig. 11(c), when low pressure and low oxygen interact 
simultaneously, the particles’ ignition, peak, and burnout temperatures 
have an obvious increases and the corresponding times have slight de
creases. It indicates that the combustion of yak manure has a slight 
ahead and the particle temperature increases under the low pressure and 
low oxygen conditions comparing to the atmospheric condition. It is a 
comprehensive effects of low pressure and low oxygen, and the impact 
of low-pressure on the combustion process outweighs that of low-oxygen 
conditions. For the change trends for the time of the characteristic 

temperatures, it is in consistent with the results in Fig. 3 from the pic
tures in Fig. 2. It is known that when the oxygen partial pressure de
creases, the absolute amount of oxygen around the particle also 
decreases, which is not beneficial to ignition and combustion. However, 
for the combustion of yak manure at low pressure and low oxygen 
condition can still have a slight ahead combustion. It indicates that the 
effects of the low pressure on the release of the volatiles have a signif
icant influence on the whole combustion process of yak manure at 
plateau section. The earlier and rapid release of the volatiles at low 
pressure condition can accelerate ignition. The well-developed internal 
pore structure and high surface area during devolatilization can promote 
the diffusion of the oxygen and thus the oxidation or combustion of the 
char, which can be further confirmed by an earlier CO formation and 
release in the gas during combustion at low pressure and low oxygen 
condition shown in Fig. S2. For the increased particle temperature 
during combustion at low pressure and low oxygen condition, it can be 
mainly attributed to the low specific heat capacity of char, and thus a 
higher temperature can maintain. Fig. S3 further shows the NO volume 
fraction during combustion of yak manure particles under different 
conditions. It reveals that an earlier and a lower peak value of NO was 
achieved during the combustion of yak manure at low pressure and low 
oxygen condition, which is beneficial to reduce and control the emission 
of NO.

3.4. The combustion mechanism of yak manure particles at the plateau 
region

In order to illustrate the effects of low pressure and low oxygen 
conditions on the combustion process of yak manure, the combustion 
mechanism of yak manure is shown in Fig. 12. The combustion process 
can be divided into three main stages: firstly, the yak manure particles 
are heated, and the temperature rises rapidly. The moisture can be 
released from the particle. With the temperature further increasing, al
kanes, olefins, oxygen-containing functional groups, or side chains of 
aromatic rings begin to break and reorganize, and the volatiles began to 
release rapidly. The pores inside the particles begin to form. During this 
process, the space steric hindrance effect of the molecular network in
creases as more aromatic rings form, which leads to a rapid increase in 
the concentration of stable free radicals in the char. With the continuous 
release of the volatiles, the pore structure continues to develop. During 
these stages, the particles are surrounded by volatiles, and the oxidation 
of the volatiles can take place and consume the oxygen content in the 
atmosphere. Besides, the release of the volatile from the inside char also 
prevents the limited oxygen from coming into contact with the char. 

Fig. 11. The characteristic temperatures of particles under different conditions.
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Therefore, the char is hard to ignite. Finally, when the release and 
oxidation of the volatiles are finished, the char continues to burn until it 
is burned out.

Low-pressure and low-oxygen conditions significantly affect the 
combustion process of yak manure, and their influence varies depending 
on the specific conditions. When the pressure of the atmosphere is lower 
than the normal atmospheric pressure, the devolatilization process of 
the particles is enhanced, accelerating the cleavage of side chains and 
the formation of aromatic rings, leading to the creation of more porous 
structures. Additionally, under low-pressure conditions, the concentra
tion of stable free radicals in the char increases significantly. These 
changes notably change the properties of the char, further lead to a char 
with lower weight and specific heat capacity, resulting in a higher 
combustion temperature of the char, an earlier ignition, and faster 
burnout. When the oxygen partial pressure in the atmosphere decreases 
with a constant environment pressure, the reaction between oxygen and 
volatiles or char would be inhibited, resulting in a prolonged ignition 
time, lower peak temperatures of the particles, and harder burnout.

When the partial pressure of oxygen and the total ambient pressure 
were simultaneously reduced, the earlier and rapid release of the vola
tiles at low pressure condition can counteract the effects of low oxygen 
and accelerate ignition, resulting in the shortened ignition delay 
comparing to the atmospheric combustion. Besides, the well-developed 
internal pore structure and high surface area of the char during devo
latilization in the low pressure condition can promote the diffusion of 
the oxygen, and also result in a low specific heat capacity of char, 
enhancing the combustion temperature, thus further promote the 
oxidation or combustion of the char, counteracting the effects of low 
oxygen, resulting in a slight lower combustion time comparing to the 
atmospheric combustion. Besides, as there is an earlier volatile release 
and ignition, the combustion period is spread, and thus the peak value of 
the CO and NO is lower. This characteristic holds significant implica
tions for enhancing combustion efficiency and pollutant control in in
dustrial applications. It can effectively reduce the emission of harmful 
gases, particularly in the areas of ash handling and NO emission control, 
thereby improving environmental quality and enhancing the eco- 
friendliness of the combustion process.

4. Conclusion

This study investigated the devolatilization and combustion char
acteristics of yak manure particles under low pressure and low oxygen 

conditions in a concentrating photothermal combustion experimental 
system. The effects, characteristics, and mechanisms of low pressure and 
low oxygen on the devolatilization and combustion process of yak 
manure in plateau areas were discussed and analyzed. The main con
clusions can be drawn as follows: 

(1) Pressure significantly affects the devolatilization and combustion 
process. Low pressure promotes the devolatilization process of 
the particles, accelerate the breakage of side chains and the for
mation of the aromatic rings, form more pores, and increase the 
concentration of stable free radicals in the char. This leads to a 
char with lower weight and specific heat capacity, resulting in a 
higher combustion temperature of the char, an earlier ignition, 
and faster burnout.

(2) When both pressure and oxygen content are reduced under 
plateau conditions, they jointly influence the combustion process 
of yak manure, showing a competitive effect. The well-developed 
internal pore structure and high surface area of the char promote 
oxygen diffusion, while the low specific heat capacity of char 
formed under low-pressure conditions enhances combustion 
temperature. These factors can counteract the negative effects of 
low oxygen availability on the combustion process.

(3) Compared to atmospheric combustion, the combustion process of 
yak manure under simulated plateau conditions shows several 
distinct characteristics: shorter ignition and burnout times, 
higher particle combustion temperatures, and earlier but lower 
peak concentrations of CO and NO. These findings are critical and 
should be carefully considered in the design and operation of 
burners and combustors for industrial applications involving yak 
manure combustion in plateau regions.
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