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Abstract: In recent years, with the development of hydrogen energy economy, there is an increasing
demand for hydrogen in the market, and hydrogen production through biomass will provide an
important way to supply clean, environmentally friendly and highly efficient hydrogen. In this
study, cow dung was selected as the biomass source, and the efficiency of the biomass to hydrogen
reaction was explored by coupling high temperature pyrolysis and water vapor gasification. The
experimental conditions of gasification temperature, water mass fraction, heating rate and feed
temperature were systematically studied and optimized to determine the optimal conditions for
in situ hydrogen production by gasification of cow dung. The relationship of each factor to the
yield of hydrogen production by gasification of cow dung semi-coke was investigated in order to
elucidate the mechanism of the hydrogen production. The experiment determined the optimal
operating parameters of in situ gasification: gasification temperature 1173 K, water mass fraction
80%, heating rate 10 K/min and feed temperature 673 K. The semi-coke treatment separated high
temperature pyrolysis and water vapor gasification, and reduced the influence on gasification of
volatile substances such as tar extracted from pyrolysis. The increase of semi-coke preparation
temperature increases the content of coke, reduces the volatile matter and improves the yield of
hydrogen; the small size of semi-coke particles and large specific surface area are beneficial to the
gasification reaction.

Keywords: in-situ gasification; semi-coke gasification; water vapor; hydrogen gas; gas-solid reaction

1. Introduction

Hydrogen has advantages in many applications: it is clean, leads to environmental
protection, has high efficiency, has many sources and it is suitable for energy storage.
It is recognized as clean energy and is widely used in petroleum, chemical production,
electronics, metallurgy, grease, aerospace, light industry and other fields. Its development
and utilization can contribute to solving the energy crisis and environmental pollution
problems, and it is regarded as one of the most promising clean energy sources in the 21st
century. At present, hydrogen is mainly prepared by electrolysis of water, petrochemical
energy and biomass. Hydrogen production from electrolytic water is less polluting to the
environment, but the associated energy consumption is high, which is an obstacle at the
economic level. Although the cost is lower, these production methods are based on fossil
energy, which increases the consumption of fossil energy and generates large amounts of
carbon emissions, so there is a limitation at the environmental level. Biomass hydrogen
production systems can be divided into biomass hydrogen production and thermochemical
processes. Biomass hydrogen production is a bioengineering technology that uses microbial
metabolism to produce hydrogen, but the efficiency of microbial reactions are low and are
not suitable for continuous flow and industrial production. Thermochemical processes
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include hydrogen production by gasification, pyrolysis reforming, and supercritical water
conversion, etc. Biomass resources are widely distributed, rich in reserves, and are classified
as renewable energy. The biomass to hydrogen process reduces the waste of resources and
relieves the pressure on the environment and energy [1]. With the development of various
hydrogen production technologies and processes, the development of fuel cell technology
and the hydrogen energy economy will be greatly promoted. As more low-cost hydrogen
production processes inevitably appear, there will be substantial economic benefits for
related industries and also favorable conditions for the sustainable development of the
country and society.

Biomass gasification hydrogen production technology has become one of the research
hotspots in the field of hydrogen production due to its low cost, low pollution and high
yield. Biomass gasification to hydrogen technology is the process of converting biomass
into hydrogen-rich gas in a gasifying agent (air, water vapor, oxygen, etc.). The gasifica-
tion agent component has a significant influence on the component distribution of the
biomass gasification product, and water vapor gasification facilitates an increase in the H2
content of the gas [2]. The biomass gasification process has been intensively investigated
worldwide in order to improve the effectiveness of gasification for hydrogen production [3].
Yong et al. developed a thermodynamics-based simulation model of the air-fruit string
gasification process and investigated the effects of reactor temperature, heating medium
concentration, steam/biomass ratio and system configuration on hydrogen concentration,
calorific value, syngas ratio and cold gas efficiency, and concluded that steam gasification
is more suitable for hydrogen production than air gasification [4]. Balu et al. studied the
conversion of woody biomass into syngas using the steam pyrolysis gasification process,
performed gasification experiments, and performed a gas chromatography analysis of the
resulting syngas. The experimental results showed that the syngas produced by water
vapor gasification had a high H2 concentration and a calorific value of 9–10 MJ/m3. A
thermodynamic equilibrium was established for solid carbon deposition by varying the
entering vapor temperature and vapor volume ratio in the thermochemical model [5].
Tian et al. explored the effect of biochemical composition (cellulose, hemicellulose and
lignin) on syngas yield and chemical composition, and the experimental results showed
that the gasification products of cellulose and hemicellulose were similar but different
from those of lignin due to differences in volatile compounds; cellulose and hemicellulose
gasify faster than lignin, produce more CO and CH4 and less H2 and CO2, and simulate
the gasification characteristics of real biomass using a linear superposition method [6].
Many researchers have studied the biomass gasification for hydrogen production, mainly
focusing on biomass semi-coke gasification. There are very few studies involving biomass
in situ gasification. Therefore, it is necessary to analyze the biomass in situ gasification and
semi-coke gasification process of cow manure.

This paper addresses the process of hydrogen preparation by gasification, and explores
the optimal conditions for in situ gasification of cow manure for hydrogen production
using water vapor evaporated from cow manure as the gasification agent. On this basis,
the effect of a semi-coke treatment on gasification is investigated and the mechanism of
hydrogen production by gasification of cow manure is elucidated to provide for the future
development of hydrogen production technology based on biomass from livestock manure.

2. Experiment
2.1. Raw Materials

In this experiment, dried cow dung was used as the raw material for hydrogen
production by gasification. The dung was harvested from Dongzheng Herding Co., Ltd.
in Jiangxia District, Wuhan City, Hubei Province, and about 3 mm of dried cow dung
was screened for use. The target preparation temperatures for the semi-coke preparation
treatments were set at 573 K, 623 K, 673 K, 723 K, 773 K, 823 K and 873 K. The symbol
BC-573 denotes the raw material for the semi-coke gasification preparation treatment at the
preparation temperature of 573 K. Similarly, the symbols BC-623, BC-673, BC-723, BC-773,
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BC-823 and BC-873 are used to represent the raw materials of semi-coke treatment of cow
dung at different preparation temperatures.

The semi-coke specimen was burned in pure oxygen and converted into CO2, H2O,
N2 and SO2. The thermal conductivity of the gases was detected after separation through
a chromatographic column, and the contents of C, H, N, and S in the specimen were
determined. The contents of CO and other gases were also determined by pyrolysis in a
He atmosphere. The CO was then separated and the oxygen content in the specimen was
determined by thermal conductivity detection. Under conditions of specific atmosphere,
temperature and time, the mass of the semi-coke specimen during the heating process was
determined using far-infrared heating equipment and an electronic balance. The moisture,
ash content, and volatile content in the specimen were then calculated. The results are
shown in Table 1.

Table 1. Elemental and industrial analysis results of semi-coked cow dung.

Sample Elemental Analysis (%) Proximate Analysis (%)
C H O N S V FC A

BC-298 46.21 5.44 44.94 2.39 1.02 64.13 18.23 17.64
BC-573 57.85 5.12 33.62 2.82 0.59 49.25 24.51 26.24
BC-623 60.07 5.15 31.04 3.01 0.63 45.63 26.29 28.08
BC-673 63.42 5.21 27.82 3.1 0.45 39.54 29.84 30.62
BC-723 66.21 5.17 25.12 3.07 0.43 35.29 32.43 32.28
BC-773 69.22 5.13 22.25 3.05 0.35 31.54 34.51 33.95
BC-823 71.25 5.12 21.07 2.96 0.40 27.37 38.02 34.61
BC-873 72.25 5.12 19.32 2.91 0.45 23.54 40.15 36.31

Note: V, FC and A refer to volatile matter, fixed carbon, and ash, respectively.

2.2. Basic Equipment

The experiment of hydrogen production from the pyrolysis of cow dung used a
tube furnace as the reaction vessel. A T1200 three-stage tube furnace, manufactured
by Zhengzhou Kejia Electric Furnace Co., Ltd. in the High-Tech Development Zone of
Zhengzhou City, Henan Province, was chosen as the apparatus for heating. The apparatus
included a power supply heating system, an anti-static system, a reactor, a condensation
system, a gas collection system and a measurement system. The quartz tube in the tube
furnace was 1800 mm long, with an external diameter of 120 mm and a wall thickness of
4 mm, and was sealed at both ends of the tube opening with stainless steel flanges. The
three-stage tube furnace had three temperature zones with three temperature sensors to
monitor and control the internal temperature of the quartz tube in real time, allowing
different temperature conditions to be set for the heating of moist cow dung. The gases
produced by the pyrolysis of cow dung in the quartz tubes were measured and recorded
under a nitrogen-filled atmosphere using a Testo 350 flue gas analyzer manufactured
by Beijing Filbert Environmental Technology Co. The flue gas detection analyzer can
analyze and detect H2, H2O, O2, CO, CO2, NO, NO2, NOX, SO2, CXHY, flue gas, flue gas
temperature, flue gas pressure, flue gas combustion efficiency and excess air coefficient in
real time. By selecting differential pressure, flow rate and total emissions, the analyzer can
detect H2S, H2, HCl, NH3 and other flue gas components after adding sensors.

Based on the experimental flow of in situ gasification to hydrogen, a water vapor
emission device was added between the nitrogen cylinder and the three-stage tube furnace
to create the experimental flow design of cow dung semi-coke gasification to hydrogen, as
shown in Figure 1.
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Figure 1. Cow dung semi-coke gasification apparatus. 1, nitrogen bottle; 2, inlet valve; 3, steam
generator; 4, three-stage tubular furnace; 5, porcelain cup; 6, outlet valve; 7, desiccant; 8, condensate
pipe; 9, conical bottle; 10, flue gas analyzer; 11, pressure pump; 12, gas storage tank.

2.3. Scheme and Steps

For each experiment, 10.0 g of dried cow dung was placed in a porcelain cup. Ac-
cording to the different moisture treatments, the corresponding amount pure water was
weighed and added to the porcelain cup and stirred evenly. Before the in situ gasifica-
tion experiments were carried out, 99.99% nitrogen was introduced into the tube furnace
through the gas inlet to remove the air from the quartz tube. The pressure of the incoming
nitrogen was set at 0.5 MPa, and the interface of the tubular furnace was brushed using
soapy water. When the feed temperature was reached, the wet cow dung was quickly
added to the porcelain cup. The heating rate and end temperature of the tubular furnace
were then set, and the end temperature was maintained for 20 min. After the experiment,
the nitrogen was continuously added to ensure that all the pyrolysis gases in the tube were
collected by the flue gas analyzer. When the temperature in the tube returned to room
temperature, the experimental conditions and procedure were changed and repeated [7–9].
In order to reduce the experimental error, three measurements were taken. Their average
value was taken as the final result, and the standard error was calculated.

The effects of four factors on the hydrogen production rate of in situ gasification
of cow dung were studied: gasification temperature, water mass fraction, heating rate,
and feed temperature, as shown in Table 2. The optimum experimental parameters of in
situ gasification of cow dung for hydrogen production were obtained by an orthogonal
experiment. Based on the optimal parameters of in situ gasification hydrogen production,
the steam generator was introduced, and the corresponding required parameters were set.
When the target temperature was reached, a steady steam flow was fed into the tubular
furnace for 30 min under heating conditions.

Table 2. Factor levels.

A B C D
Temperature (K) Water Mass Fraction (%) Heating Rate (K·min−1) Feed Temperature (K)

A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 D1 D2 D3 D4
873 973 1073 1173 50 60 70 80 5 10 15 20 673 723 773 823

3. Experimental Results and Discussion
3.1. In Situ Gasification of Cow Dung for Hydrogen Production
3.1.1. Optimum Experimental Parameters

The hydrogen yields measured in the experiment are shown in Tables 3 and 4.
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Table 3. Orthogonal experimental scheme and results.

No. Temperature
(K)

Water Mass
Fraction (%)

Heating Rate
(K·min−1)

Feed Temperature
(K)

Hydrogen Yield
(mL·g−1)

1 873 50 5 673 80.56
2 873 60 10 723 87.87
3 873 70 15 773 95.46
4 873 80 20 823 107.95
5 973 50 10 773 116.61
6 973 60 5 823 127.89
7 973 70 20 673 157.68
8 973 80 15 723 182.43
9 1073 50 15 823 343.14
10 1073 60 20 773 354.57
11 1073 70 5 723 389.66
12 1073 80 10 673 420.95
13 1173 50 20 723 476.24
14 1173 60 15 673 504.54
15 1173 70 10 823 530.34
16 1173 80 5 773 573.51

Table 4. Analysis of in situ hydrogen production results.

Factor Indicators A B C D

Hydrogen
yield

(mL·g−1)

K1 371.84 1017.55 1163.73 1171.62
K2 584.61 1074.87 1131.20 1155.77
K3 1509.32 1173.14 1141.15 1126.57
K4 2084.63 1284.84 1111.32 1096.44
k1 92.96 254.39 290.94 292.01
k2 146.15 268.72 284.05 288.94
k3 377.33 293.29 285.04 281.64
k4 521.16 321.21 277.58 274.11
R 428.2 66.82 13.36 17.9

Primary and Secondary Factors: ABDC
Optimization Scheme: A4B4D1C1

The optimum process parameters for the hydrogen yield were determined by com-
paring the extreme differences of the four factors as A4, B4, D1 and C1; that is, gasification
temperature 1173 K, water mass fraction 80%, heating rate 5 K/min and feed temperature
673 K. The main factors affecting the hydrogen yield were the gasification temperature and
water mass fraction.

(1) Effect of gasification temperature on the gasification process of cow dung

The main factor influencing the gasification process of cow dung was the gasification
temperature. Increasing the gasification temperature was conducive to the gasification
reaction and to increasing the hydrogen yield. Because in situ gasification of biomass for
hydrogen production is a endothermic reaction, intermediate products from the pyrolytic
gasification of cow dung, such as volatile substances including tar, are cracked at higher
temperatures and reformed with water vapor to increase the hydrogen content in the
gas [10].

(2) Effect of water mass fraction on the gasification process

Moisture mass fraction and hydrogen yield were positively correlated; with the in-
crease of the moisture mass fraction, the hydrogen yield increased continuously. The water
vapor yield of the pyrolysis process increased as the moisture mass fraction increased.
The water vapor produced reacts with the pyrolysis product carbon at high temperatures
to produce carbon monoxide and hydrogen, while carbon monoxide reacts with water
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to produce carbon dioxide and hydrogen, so the increase in moisture mass fraction is
beneficial to the increase in gas yield and hydrogen yield [11].

3.1.2. Mechanistic Analysis of In Situ Gasification

The process of gasification of cow dung is extremely complex and can be divided into
three general stages: a heated dehydration and drying stage, a high temperature pyrolysis
carbon stage and a hydrogen production stage by gasification of the pyrolysis products
with water vapor [12]. These three stages occur sequentially but not independently of each
other in the in situ gasification of cow dung experiments, and the reactions overlap with
each other. The main reactions are as follows:

dry biomass→ H2 + CO2 + CO + CnHm + tar + char (1)

C + H2O→ CO + H2 (2)

C + 2H2O→ CO2 + 2H2 (3)

C + 2H2 → CH4 (4)

CH4 + H2O→ CO + 3H2 (5)

CnHm + H2O→ CO + H2 + CO2 (6)

CO + H2O→ CO2 + H2 (7)

When the temperature begins to rise, the water on the surface of the cow dung
evaporates and exists in the form of water vapor. When the temperature reaches 473 K, the
pyrolysis reaction of cow dung begins, and hydrocarbons, tar and coke are continuously
generated. The reaction occurs according to (1). When the temperature further rises to 773 K,
the pyrolysis reaction rate continues to accelerate. At this time, the coke gasifies with steam
to produce hydrogen and carbon oxygen compounds, and the reaction occurs according to
(2) and (3). With the further increase in temperature, coke reacts with hydrogen to generate
methane gas, as shown in Formula (4). The cow dung pyrolysis and steam gasification
reactions overlap, and pyrolysis products and gasification intermediate products react with
water vapor in complex physical and chemical reactions, as shown in Formulas (5)–(7).
The content of hydrocarbons decreases and the output of hydrogen increases. When the
temperature rises to 1073 K, the in situ gasification of cow dung is more complete, and the
hydrogen production reaches the maximum level [13–15].

According to the above analysis, the hydrogen rich gas produced by cow dung gasifi-
cation comes from two processes: one is the pyrolysis reaction in cow dung, and the second
is the steam reforming reaction. The reforming reaction of cow dung pyrolysis products
with steam is the main source of hydrogen.

During the in situ gasification of cow dung at a constant rate of temperature increase to
the target temperature, the cow dung pattern exhibits different gasification characteristics at
different temperatures, which are non-isothermal reactions [16]. The mathematical model
for the gasification reaction of cow dung under non-isothermal conditions is [17,18]:

dx
dT

=
A
λ

exp(− E
RT

) f (x) (8)

where x is the conversion rate, A is a pre-exponential factor, λ is a heating rate constant, E
is the apparent activation energy, R is a gas constant, T is the reaction temperature, and f (x)
is the differential form of the reaction function.

Integrating the f (x) reaction function gives the integral form G(x) as:

G(x) =
ART2

λE
exp(− E

RT
) (9)
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The 3D model function equation for the integral form of the reaction function, G(x),
is [19]:

G(x) = 1− 2
3

x− (1− x)
2
3 (10)

The experiment shows that the conversion rate of cow dung x is greater than 0.4. In
Equation (10), when the conversion rate x is between 0 and 0.4, the value of the integral
equation of the reaction function G(x) is small and does not meet the actual value of the
study. When the conversion rate x is between 0.4 and 0.8, the integral equation of the
reaction function G(x) is fitted and approximated as G(x) = 0.25x, as shown in Figure 2.

Figure 2. Fitting equation for the integral equation of the reaction function G(x).

When the water content is µ, the theoretical hydrogen yield is 1200µ mL/g, and the
relationship for the actual hydrogen yield ϕ1 generated is:

ϕ1= 4800µ
ART2

λE
e(−

E
RT ) (11)

There are problems affecting the hydrogen yield in the process of in situ gasification to
produce hydrogen: (1) To obtain a higher hydrogen yield, the retention time of the gas in the
three-stage tube furnace is extended. The longer the gas stays in the tube furnace, the higher
the gas tightness requirements for the whole plant and the longer the production cycle,
which raises the production costs and is not conducive to continuous industrial production.
(2) The process of in situ gasification does not separate pyrolysis and gasification, and the
pyrolysis process produces pyrolysis gas accompanied by tar, which hinders the further
utilization of the pyrolysis gas. In order to ensure the quality of the pyrolysis gas and
protect the reaction equipment, and to improve the reuse efficiency of cow dung biomass
energy, the preparation of hydrogen-containing gas from cow dung semi-coke was chosen
to solve the above problems by reducing the tar content in the pyrolysis gas, reducing the
energy required to produce hydrogen and save experimental costs [20,21].



Processes 2022, 10, 1257 8 of 13

3.2. Hydrogen Production from Semi-Coke Gasification of Cow Dung
3.2.1. Hydrogen Yield from Semi-Coke Gasification

As shown in Table 5 and Figure 3, the effect of the semi-coke treatment on the gasifi-
cation process was significantly enhanced by the cow manure, and different preparation
temperatures and particle diameters had an effect on the experimental results. As the
preparation temperature increased, the hydrogen yield gradually increased. At preparation
temperatures above 773 K, a small decrease in hydrogen yield occurred. The difference
between the results of BC-773 and BC-873 was not significant, so the preparation temper-
ature of 773 K was chosen as the preferred temperature in consideration of the cost and
energy consumption of the experiments. This is because the semi-coke process improves
the reaction conditions of the secondary cracking and reforming reactions, reduces the
volatile content and carbon content of cow dung, and because the semi-coke treatment
facilitates the rapid reforming reaction of water vapor. The small size of the semi-coke
particles, the large specific surface area and the high reaction efficiency of the contact
with the water vapor stream facilitate the semi-coke gasification reaction and increase the
hydrogen yield [22].

Table 5. Hydrogen yield from semi-coke gasification.

No. Coke Temperature (K) Particle Diameter (mm) Hydrogen Yield (mL·g−1)

1 BC-298 0~1 580.45
2 BC-298 1~2.5 565.24
3 BC-298 2.5~5 534.51
4 BC-573 0~1 763.82
5 BC-573 1~2.5 749.58
6 BC-573 2.5~5 722.42
7 BC-623 0~1 782.46
8 BC-623 1~2.5 751.56
9 BC-623 2.5~5 729.64
10 BC-673 0~1 820.39
11 BC-673 1~2.5 795.45
12 BC-673 2.5~5 760.83
13 BC-723 0~1 849.13
14 BC-723 1~2.5 824.35
15 BC-723 2.5~5 794.51
16 BC-773 0~1 881.54
17 BC-773 1~2.5 847.76
18 BC-773 2.5~5 818.59
19 BC-823 0~1 872.65
20 BC-823 1~2.5 857.94
21 BC-823 2.5~5 825.26
22 BC-873 0~1 863.24
23 BC-873 1~2.5 842.51
24 BC-873 2.5~5 812.45

3.2.2. Mechanism of Hydrogen Production by Gasification of Cow Dung

The biomass gasification process has two main components: biomass pyrolysis and
water vapor gasification. Pyrolysis is the process of releasing volatile fractions from biomass
at a certain temperature. When the pyrolysis is sufficient and all volatile components
are released from the raw material, the residual biochar is mainly fixed carbon and ash.
When the pyrolysis temperature does not meet the conditions, the volatile fraction is not
completely released from the feedstock and the remaining unprecipitated volatile fraction
remains in the fixed carbon. This biomass that still contains the volatile fraction is called
semi-coke. Semi-coke gasification is the separation of the two stages of pyrolysis and water
vapor gasification at high temperatures, which reduces the impact on the gasification of
volatile substances such as tar from the thermal resolution of cow dung. The manure is first
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pretreated and dried then pyrolyzed at high temperature to form semi-coke, and finally
gasified in the presence of a stream of water vapor [14].

Figure 3. Hydrogen yield from semi-coke gasification.

Compared with the in situ gasification process, the experimental unit for the semi-coke
gasification process does not have to be as gas-tight, which helps to improve the safety
of the entire experimental process. In the semi-coke process, cow dung is pre-treated and
gasified at high temperatures in a tube furnace, separating the charring and gasification
products of the dung to facilitate the reforming reaction without affecting the secondary
cracking of the volatile fraction. The C content increases and the O content decreases
after the semi-coke treatment, resulting in a rapid increase in the C/O ratio, as shown
in Figure 4. The fitted curve for the semi-focused elemental C content γC versus the
preparation temperature T1 is: γC = 4.7 × 10−4T1 + 0.32, as shown in Figure 5. The process
of preparing hydrogen-containing gas from semi-coke effectively reduces the volatile
content of cow dung and increases the solid carbon content, facilitating the water vapor
reforming reaction, while the pyrolysis process allows for sufficient secondary cracking of
the tar to facilitate hydrogen production.

During the experimental isothermal reaction of cow dung semi-coke gasification, the
unreacted nucleus model theory of the gas-solid reaction was used to investigate the cow
dung gasification reaction process in order to simplify the study. During the cow dung semi-
coke gasification reaction, the process from the entry of water vapor into the tube furnace
in contact with the cow dung to the generation of hydrogen occurs through the following
processes: the diffusion of the gas in the boundary layer within the gas phase; the diffusion
of the gas in the reduced layer within the solid phase; the interfacial chemical reaction; the
diffusion of the gas products outwards within the solid phase; and the diffusion of the
gas products outwards within the gas phase. When the flow rate of water vapor remains
stable, the rate of diffusion of the gas within the gas phase is rapid, i.e., the limiting link of
the reaction process consists of diffusion of the gas within the solid phase and interfacial
chemical reactions. The rate expressions for each link are [23]:

Q = A exp(− E
RT

)(1 +
1
K
)(c1 − c2) (12)
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where Q are the interfacial chemical reaction rates, K are reaction equilibrium constants, c1
is the concentration at the reaction interface, and c2 is the equilibrium concentration of the
reactant gas.

Φ= 4πDe(
r0r

r0 − r
)× (c0 − c1) (13)

In Equation (13), Φ is the diffusion rate of gases within the product layer, De is the
effective diffusion coefficient, r is the radius of the reaction boundary layer from the
center of the particle sphere, r0 is the radius of cattle manure pellets, and c0 is the initial
concentration of gas.

Figure 4. C, O and C/O content of semi-focal elements.

Figure 5. Fitted curve of semi-focused elemental C content versus temperature.
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The greater the difference in gas concentration, the greater the diffusion flux. Since r
cannot be measured, the degree of gasification λ needs to be defined:

λ = 1− (
r
r0
)

3
(14)

When the gasification reaction reaches steady state, the reaction rates are equal in all
steps and the overall reaction rate ν is [24]:

v =
4πr2

0De(c0 − c1)(1 + K)(1− λ)
2
3 A exp(− Ea

RT )

(1 + K)A exp(− Ea
RT )(1− λ)

1
3
[
1− (1− λ)

1
3
]
+ K× De

(15)

For an individual cow dung pellet, water vapor diffuses inwards through the surface
of the pellet and undergoes a gasification reaction with it. The gasification reaction rate ν is
expressed as:

v = −
4
3 πρd

(
r3)

dt
= −4

3
πr3

0ρ
dλ

dt
(16)

Let Equations (15) and (16) be equal, and integrate the two sides of the equation
to simplify:

λ = a3t3 − 3a2t2 + 3at (17)

where a =
A exp(− E

RT )(1+K)(c0−c1)
ρr0K .

The hydrogen yield ϕ2 prepared by semi-coke gasification is:

ϕ2 =
γC
12
× 22.4× 103λ = (597 + 0.88T1)(a3t3−3a2t2 + 3at) (18)

where γC is the elemental C content of the semi-coke, and T1 is the semi-coke prepara-
tion temperature.

4. Conclusions

In the current paper, two processes were investigated: in situ gasification of cow dung
and semi-coke gasification to produce hydrogen. On the basis of the orthogonal test, the
optimal experimental parameters for the in situ gasification of cow dung were determined.
This provides reference data and theoretical basis for the large-scale production of hydrogen
from cow dung gasification. The main conclusions are as follows:

(1) The optimum process parameters for in situ gasification of cow manure are: gasifica-
tion temperature 1173 K, water mass fraction 80%, heating rate 5 K/min, and feed
temperature 673 K. The main factors affecting the hydrogen yield are gasification
temperature and water mass fraction, and the hydrogen yield from in-situ gasification
of cow manure is:

ϕ1= 4800µ
ART2

λE
e(−

E
RT )

(2) The high temperature and small particle size of the semi-coke cow dung preparation
facilitates the gasification reaction and increases the hydrogen yield. The hydrogen
yield ϕ2 prepared by semi-coke gasification is:

ϕ2 =
γC
12
× 22.4× 103λ = (597 + 0.88T1)(a3t3−3a2t2 + 3at)

where a =
A exp(− E

RT )(1+K)(c0−c1)
ρr0K .

(3) The semi-coking treatment separates the pyrolysis of cow dung from the water vapor
gasification. This reduces the inhibition of the gasification reaction by volatile sub-
stances, improves the reaction conditions for the secondary cracking and reforming
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reactions, and increases the coke content in the cow dung. These effects are conducive
to the water vapor gasification reaction and increasing the hydrogen production.
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