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ARTICLE INFO ABSTRACT

Keywords: Underground coal gasification (UCG) is an emerging clean energy technology with significant potential for
H)_’dmge“ Production enhanced hydrogen production, especially when coupled with water injection. Previous lab-scale studies have
Climate Change explored this potential, but the mechanisms driving water-assisted hydrogen enhancement in large-scale, deep

Deep Unmineable Coals
Underground Coal Gasification
Cavity Control

UCG settings remain unclear. This study addresses this gap using numerical simulations of a large-scale deep coal
model designed for hydrogen-oriented UCG. We investigated single-point and multipoint water injection stra-
tegies to optimize hydrogen production. Additionally, we developed a retractable water injection technique to
ensure sustained hydrogen output and effective cavity control. Our results indicate that the water-gas shift re-
action is crucial for increasing hydrogen production. Multipoint injection has been proven to be more effective
than single-point injection, increasing hydrogen production by 11% with an equal amount of steam. The
introduction of retractable injection allows for continuous and efficient hydrogen generation, with daily
hydrogen production rates of approximately five times that of a conventional injection scheme, and an increase
in cumulative hydrogen production of approximately 105% over the same time period. Importantly, the mul-
tipoint injection method also helped limit vertical cavity growth, mitigating the risk of aquifer contamination.
These findings support the potential of UCG as a low-carbon energy source in the transition to a hydrogen

economy.

combustion at the surface [4], and a large portion of coal reserves cannot

1. Introduction be mined due to their profound depths and high water content. There-
fore, rational, efficient, and clean exploitation of abundant coal re-

Despite the growing emphasis on renewable energy, fossil fuels sources is a key issue to be considered by developing countries,
continue to play a crucial role in global energy consumption, as shown in including China and India, which require large amounts of energy [5].
Fig. 1 [1]. Coal, a solid combustible organic rock formed by the Underground Coal Gasification (UCG), regarded as one of the
biochemical actions of plant residues, remains a significant part of the cleanest techniques for exploiting coal resources, is an idea for the in-
global energy sector due to its substantial share of combined oil, gas, and situ conversion of coal into synthetic gas (syngas). The main compo-
coal resource [2,3]. However, it is prone to release harmful gases, nents of syngas are CHy, CO and Hj, which can be used as energy
including hydrogen sulfide and greenhouse gases, during gasification or sources, as well as CO2 and HpS [6-8]. First proposed by the Russian
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scientist Mendeleev in 1888 [9], UCG method aims to extract energy-
bearing components from coal without conventional mining. The
fundamental process involves injecting oxidants such as oxygen or air
into an underground coal seam through an injection well and then
extracting syngas from a production well at the other end of the seam. By
controlling the gas injection rate, the combustion situation in the coal
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. Global primary energy consumption in terawatt-hours (TWh) (Redrawn from [1]).

seam is managed, resulting in the gasification of in-situ coal through a
series of chemical reactions, including combustion, pyrolysis, and dry
distillation [10-12]. Since these reactions occur underground, the UCG
process offers numerous advantages over conventional gasifiers,
including the prevention of harmful and greenhouse gas emissions and
the reduction of labor cost [13]. Moreover, as the coal is converted to




Z. Wei et al.

syngas, the coal seam will form an industrial-size cavity in a post-UCG
stage and several studies have demonstrated the feasibility of storing
CO4 in these cavities [14-16], thereby confirming the environmental
benefits of UCG.

Hydrogen energy is anticipated to become a key clean energy source
by the mid-21st century due to its high heat generation potential [17]
and zero greenhouse gas emissions during combustion [18-20]. This has
increased interest in UCG for hydrogen production, addressing the
challenge of efficiently utilizing deep coal resources to produce clean
energy [21], while ensuring low-carbon emissions and environmental
protection [22]. At present, researchers in various countries have con-
ducted studies in this field, however research gap exists, for example,
large-scale enhanced hydrogen production in deep coal seams in the
context of UCG.

Numerous studies have targeted Chinese coals, with notable contri-
butions over the years. In 1995, Liang and Yu analyzed favorable con-
ditions for hydrogen production in UCG and proposed a two-stage
approach with a long tunnel and large section to enhance hydrogen yield
[15]. In 2000, Yang and Yin introduced a second fire source, using dual
fire sources to maintain reaction temperature, successfully verifying the
concept through industrial trials [11]. Liu et al. compared a two-stage
gasification technology with simultaneous oxygen-steam injection,
concluding that while the former yields slightly higher hydrogen, the
latter is better suited for continuous hydrogen production across various
coal types, including lignite, gas-fat coal, and lean coal [23]. To further
increase hydrogen production, Yang et al. recommended reverse gasi-
fication, involving the strategic withdrawal of oxidant injection wells at
different timesteps to mitigate the negative impact of a diminishing
reduction zone [24]. Yin et al. carried out experimental simulations on
different coal types and concluded that the main source of hydrogen in
pyrolysis is the dehydrogenation and condensation of fat side chains,
and the amount of hydrogen production decreases with the increase of
coal rank due to the higher number and types of functional groups in
low-rank coals; whereas, in gasification, due to the gradual increase of
char mass and carbon content with the increase of the degree of meta-
morphism, more reactants are able to take part in the water—gas con-
version reaction, resulting in more water being reduced to hydrogen
[25]. Feng et al. on the other hand focused on the effect of injected fluid
conditions and found that a swirl flow injection is more favorable for
hydrogen generation compared to a straight flow injection [26]. Beyond
Chinese coals, Staficzyk and colleagues demonstrated that both Polish
lignite and hard coal could produce hydrogen-rich syngas under various
conditions of oxygen and steam [27,28]. Kapusta et al. found that high-
water content in lignite could eliminate the need for artificial water
supply, favoring hydrogen production from UCG [29]. The Hydrogen-
oriented Underground Coal Gasification for Europe (HUGE) project
highlighted that shallow coal gasification poses a high risk of gas
leakage, suggesting that deep coal seams might be more suitable for the
UCG process [30].

Recently, Jiang et al. provided a comprehensive review of global
advancements in enhanced hydrogen production within the UCG
context [8]. They concluded that, due to the prohibitively high costs of
large-scale pilots, most efforts have focused on lab-scale experiments.
Nevertheless, understanding the coupling of various physiochemical
phenomena on a large scale and the effects of high pressure in deep coal
seams remains crucial. Aiming to bridge the mentioned knowledge gap,
we constructed a large-scale coal model to study enhanced hydrogen
production in UCG, varying the position of a steam injection point to
understand hydrogen-enhancing mechanisms in a pilot-scale setting.
Moreover, we explored multipoint water injection for optimal perfor-
mance. As the subsurface cavity expanded, we conceptualized a
retractable water injector to maintain continuous hydrogen production.
This approach, aided by a retractable steam injection, helps the under-
ground cavity retain conformity, offering significant environmental
benefits. The findings in this study provide robust support for the
decarbonization of energy systems while advancing the industrial
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application of UCG in complex geological conditions and resource-
constrained regions. They will not only contribute to reducing
hydrogen production costs but also enhance the competitiveness of the
hydrogen economy in the global energy transition, underscoring the
pivotal role of UCG technology in achieving carbon neutrality goals.
However, it has to be clarified that given the lack of pilot-scale data for
comparison, a primary objective of this study is to encourage future
research for a hydrogen economy in coal resource utilization.

2. Mathematical basis

In this work, the STARS module from Computer Modeling Group
(CMG) Ltd. was used for modelling study. Originally developed to
simulate reservoirs with complex thermal and chemical processes,
STARS was applied by Seifi et al. to combustion tube experiments, py-
rolysis, and self-gasification [31]. They proposed that this porous me-
dium simulator could analogize the UCG process to thermal recovery by
treating the residual ash as a rock structure, the coal’s water content as
initial water saturation, and the combustible material as a heavy oil
component in the UCG process and hydrogen reservoirs, respectively.
The simulation results showed good agreement with experimental out-
comes and analytical methods, confirming the feasibility of this nu-
merical simulation approach. Moreover, other studies have also
demonstrated the utility of applying this numerical method to conduct
relevant researches [32-35]. In this section, the mathematical equations
for mass, momentum, and energy conservation laws in the STARS
module will be described.

2.1. Governing equations

In porous media, fluid transport conforms to Darcy’s law, which
describes the momentum conservation of fluids with the following
mathematical form [36]:
kk;
Vj - 3 V(Dj (1)
Hj

Detailed explanations of the variables in this section are provided in
the following and the Nomenclature section. The conservation equation
of mass with the consideration of a grid volume V is given by [37]:

p np nr p
Z ¢Dyp;Ayy + Z TipyyAD; + VZ (s — su)ri + Zﬂj%yij + SiwPyGag,
Jj=1 j=1 =1 j=1

n n+1 n
V P P
= (*) b oSy = by Sy
At j=1 j=1
2

The first term on the left-hand side of equation presents the diffusion
of mass, where Dy;, the sum of molecular diffusivity and the diffusivity
arising from convection processes, was proposed by Perkins [38] to
address the challenge of modeling the double-diffusive natural convec-
tion phenomenon in a cavity. This phenomenon encompasses the ther-
mal effects on diffusions caused by temperature gradients and the
substantial effects induced by concentration gradients in chemical re-
actions [38-41]. The Stokes-Einstein theory of effective molecular
diffusion is assumed to be applicable due to the non-isothermal nature of
the UCG process [42]. Due to the data limitations, this study assumes
that effective molecular diffusion coefficients are approximately equal
for all gas components, with the empirical exponent n taking the value 1:

T\"

n

The second term on the left in equation describes the mass convec-
tion, while Tj implies the phase permeability as:
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Table 1

The effective kinetics of various reactions considered in UCG [36].
Chemical reactions Reaction formula Enthalpy ki E;
Coal Pyrolysis Coal » Char + CO,+CO+ 0 1.44E10 150

H, + CHy + Ash

Char Oxidation C + Oy = CO, —393 9.00E10 100
Boudouard C + CO5 = 2CO +172 3.20E10 249
Steam gasification C + Hy0 - H, + CO +131 4.70E10 156
Methanation C + 2H, —» CHy4 -75 1.50E10 200
Water-gas shift CO + H30 < CO3 + Hy +41 2.40E08 12.6
Steam-methane CH4 + H0 < CO + 3Hy +206 2.70E07 236

reforming

A\ (k) .
’I:i = (m) (/’4_1]) J= 17"'7np (€]

The solid phase in the model is expected to undergo significant
alteration due to a series of chemical reactions, including thermal py-
rolysis of coal and combustion reactions involving char. Therefore, the
third term on the left-hand side of equation accounts for the conserva-
tion of solid component i and may be mathematically expressed as:

VY s = (L (@G~ (4G ©®)
=1

where ¢, indicates porosity that is affected by changes in temperature
and pressure under non-isothermal conditions, following this relation-
ship:

¢, = ¢o(1 + Cp(P — Pres) — Cr(T — Try)) (6)

Additionally, the void space within UCG is anticipated to change due
to reactions such as thermal pyrolysis of coal and ash generation.
Consequently, it is imperative to calculate the fluid volume fraction in
accordance with the following equation:

br = (1 - ZC> @)
i1 Psi

The conservation of the energy equation is presented in equation.
First two terms on the left-hand side of it delineate heat convection and
heat conduction respectively, while the following two terms denote the
heat generated from chemical reactions and the outside heat input:

@ Production well

T

Over-burden

Deep Coal seam

Surface
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LU p nr p
SN TpHAG + Y KAT+VY Han+ > pHigs
=1 j=1 =1 =1 =1

14

_ (A_t) (@ - g ®

The right-hand side of equation refers to the energy accumulation
and to calculate the internal energy &, we take a weighted average of
energy values from all phases.

p
¢ :¢f ijsi(]j"'(bvchS"‘(l —¢,)U; 9
j=1
For simplicity, permeability is expressed in terms of porosity, as
demonstrated by equation in our study. The pre-defined directional
multiplier factor k;;; has been set to 14, which is indicative of the
anisotropic characteristics of coal, thereby reflecting the influence of
complex cleats in mass transfer [5].

k = koexp [kmuz (‘f — ZZO) ] (10)
0

2.2. Primary reactions

Since the gaseous components account for the majority of the re-
actants and products in the chemical reactions during UCG process, the
current study employs a model that considers seven distinct gas com-
ponents, including steam, hydrogen, nitrogen, oxygen, carbon dioxide,
carbon monoxide, and methane. In terms of solid components, the for-
mation of charcoal and residue (ash) during the pyrolysis of in-situ coal
will be included. Thus, the total number of components considered in
this model is ten.

As listed in Table 1, a total of nine chemical reactions are computed
in our model, encompassing both homogeneous and inhomogeneous
reactions. Notably, the last two reactions, i.e., the water-gas shift and
steam-methane reforming, are modelled as two-way reactions. The re-
action rate is simulated using Arrhenius reaction kinetics, expressed as
below:

e e
n :leCi :kloexp( —El/RT)HC, (11)
i=1

i1
3. Model conceptualization

Fig. 2 illustrates an emerging technique for developing UCG that is
better suited to deep unmined coal seams, proposed by Jiang et al. [43].

Injection well o

|

Under-burden

Fig. 2. Cross-sectional view of the retractable production well method (Redrawn from [43]).
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. Retractable o
@ Production well Surface @ water injection well Injection well ap

i l l

Over-burden

Retractable wellhead

Deep coal seam Rubble layer

Under-burden
Fig. 3. Sketch of retractable water injector for enhanced hydrogen production.

It involves withdrawing a production well at appropriate times to sus-
tain an interwell communication while preventing a premature pro-
duction of oxidant. This work aims to promote hydrogen production in
UCG in deep coal seams, and thus the idea of a retractable producer was
utilized.

Based on the model presented in Fig. 2, a third well for water in-
jection was erected as shown in Fig. 3. Ideally the erection of the water
injector happens when a good UCG cavity is developed in order not to
quench the ignition process. In addition, in analogy to the retractable
production well, the water injection well features a retractable end such
that the water injection points boast the capability to move in accor-
dance with the growth of the cavity.

Fig. 4 depicts the constructed 3D model based on the sketch. Aiming
to explore the impact of water injection on hydrogen production
through numerical simulations, the model comprises 240,950 grid
blocks (79 x 61 x 50) with a grid width of 0.5 m. To bear practical
applicability of the simulation results, the physical properties of deep
coal in the Santanghu Basin, Xinjiang, China were adopted. No-flow
boundary conditions were considered. The parameters associated with
the initialization of the system are listed in Table 2. In this study pure
oxygen was injected.

Gas stream separation

Injection well
&* (Pure oxygen)

Retractable
water injection well

Production well

Fig. 4. Three-dimensional view of constructed model with retractable water
injection well.
4. Results and analysis

Table 2 The model involved applying a heater at the toe of the oxidant
Parameters of Santanghu Basin coal sample for model initialization [43].
Properties Value Unit ]
Coal thickness 25 m
Initial average pressure 7,570.5 kPa
Initial temperature 40.5 °C
Porosity 0.66340 fraction
Permeability (i/j/k) 2/2/2/ md
Water saturation 0.7 fraction
Coal density 1,300 kg/m?®
Char density 1,740 kg/m?
Ash density 2,500 kg/m®
Coal concentration 75,900 gmol/m3
Thermal conductivity of rock 200,000 J/m-day-°C
Thermal conductivity of solid 30,240 J/m-day-°C
Thermal conductivity of water 48,384 J/m-day-°C
Thermal conductivity of gas 4,000 J/m-day-°C
Thermal capacity coefficient of solid 14.78 J/gmol-°C
Thermal expansivity of coal 33x10° 1/°C
Compressibility of coal 3.0x107 1/kpa
Initial gas diffusion coefficient 0.05184 m? /day
Injected water temperature 205 °C
Steam quality 0.75 fraction

Fig. 5. Distribution of char on 30th day in no-water injection base model.
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(a) above the cavity

(c) in the middle of the boundary

(e) at the cavity center
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(b) on the boundary

(d) under the boundary

Fig. 6. Different scenarios of single-piont water injection.

injection well for two days to simulate the ignition process. From day 3,
pure oxygen was continuously injected into the coal seam, with the
supply rate gradually increasing over time to account for an expanding
subsurface cavity. It is widely accepted that to produce Hy on an in-
dustrial scale through underground coal gasification (UCG), external
water is necessary to provide the required amount of elemental
hydrogen. Consequently, the adoption of a water injection well is
generally the preferred method for increasing hydrogen production in
coal mines without a nearby aquifer. However, few studies have
explored the mechanisms underpinning an enhanced hydrogen pro-
duction in the context of UCG, especially on a large-scale. This research
gap galvanizes the modelling study in this paper to determine the
optimal method of enhancing hydrogen production under various water

injection scenarios. Additionally, this section discusses the feasibility of
controlling the multidirectional cavity’s growth in the vertical direction
by maneuvering the water injection well. To facilitate a comparison, a
base model without water injection was constructed. Fig. 5 depicts the
cavity growth on day 30 in a cross-sectional view for the base model. The
primary reaction underlying the UCG process is the pyrolysis of coal to
char, ash, and volatile gases. Therefore, the char concentration serves as
a good reference to approximate the boundary of the cavity, as revealed
in Fig. 5. It is to note that the blue region within the colored belt denotes
the void wherein all char has been consumed in its entirety, whereas the
outside blue area signifies intact coal seams.



Z. Wei et al.

50000
e (a) above the cavity
= (b) on the boundary
= () in the middle of the boundary
r e (d) under the boundary
«. 40000 F e () at the cavity center
% L e+« No water injection
g
80
£
'g) 3
= 30000 [
o
& I
=
=
E
= L
© 20000
10000 . L L L
0 1 2 3 4 5

Time after water injection, day

Fig. 7. Cumulative hydrogen production after water injection.

No water injection 4.6%
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Fig. 8. Average hydrogen fraction in syngas within the observation period.

4.1. Hydrogen enhancing mechanisms

4.1.1. Single-point injection

Perforation is a crucial process that enables fluid flow between a
wellbore and a formation. In UCG, a cavity with its boundary is revealed
to feature various chemical regions, e.g., coal pyrolysis, combustion,
gasification and dehydration [35]. In order to assess the most favorable
regions to hydrogen content in the syngas, single perforation was
investigated in the very first step. Five different scenarios of single
perforation were considered, as illustrated in Fig. 6: (a) above the cavity;
(b) on the boundary; (c) in the middle of the boundary; (d) under the
boundary; (e) at the cavity center. To ensure consistency, all models
were subject to the same water injection.

As the underground cavity grows, over time a dynamic, moving
boundary leads to the stationary water injection point traversing from
one region to another. To minimize this impact, an observation window
of 5 days following the water injection was selected for the comparison.
Fig. 7 displays the results of cumulative hydrogen production in various
single-point injection scenarios. It shows that water injection above or
on the boundary, i.e. the (a) and (b) scenarios, contributed to a negli-
gible hydrogen increment as the curves virtually overlap that of the no
water injection base case. In contrast, in the other three scenarios,
although hydrogen production did not exhibit a dramatic increase
during the preceding day and a half, it still experienced a significant
overall rise during the same period. This may be attributed to the
introduction of injected water, which initially reduced the temperature
required for the reduction reaction converting steam into hydrogen, as
the injected fluid temperature was substantially lower than the ambient
temperature within the cavity. However, there was a delayed but

Energy Conversion and Management 325 (2025) 119449

25000
(C) —CH4
—H2
20000 | —CO
—C02
'5 15000
E
S
=
& 10000
5000
0 P .x———-——."
25000
—CH4
—H2
20000 —CO
—C02
é:‘ 15000
E
S
s
& 10000
5000
0 ; ,
25000
—CH4
—H2
20000 ——CO
—CO02
Z' 15000
<} L
g
g
£ 10000
5000
0 | ! , :
0 1 2 3 4 5

Time after water injection, day

Fig. 9. Gas rate of the three hydrogen-enhanced scenarios (c), (d) and (e).

notable increase in hydrogen production as exothermic reactions
continued due to the sustained injection of oxidants. Notably, scenario
(d), involving water injection below the cavity boundary, demonstrated
the greatest potential for enhancing hydrogen content. Furthermore, the
total hydrogen production in scenario (c) surpassed that of scenario (e)
until the conclusion of the observation period.

The hydrogen production results of the three effective injection
scenarios are quantitatively presented in Fig. 8 in the form of an
observation-averaged fraction of hydrogen in the cumulative syngas.
This modelling outcome in Fig. 8 reveals that, in comparison to the base
model, water injection at a suitable location within the UCG cavity
boasts a potential to increase Hy content by nearly 5 times. This change
is in general agreement with the two-stage gasification for hydrogen
production study by Liu et al. In that study the volume of hydrogen
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Fig. 10. Gas rate comparison between scenario (d) and the base model
(dashed lines).

accounted for 10.63 % of the syngas at the stage of gasification with the
injection of 80 % oxygen, whereas after the subsequent gasification with
the injection of water vapour, the percentage of hydrogen rose to 42.20
%, which is four times of the original ratio [44]. However, it is important
to note that the water injection derived hydrogen boosting potential
heavily hinges on a number of factors, e.g., coal properties, formation
water content, process setting, and surrounding water intrusion.
Therefore, this paper intends to reveal the physiochemical drivers to
enhanced hydrogen production with external water injection, and,
therefore, it is out of the scope of this work to maximize the syngas
output of a particular coal seam.

The abovementioned analysis concludes that water injection un-
derneath the char boundary (scenario (d)) favours most the H; genera-
tion in the tested schemes. In-depth analysis was followed to probe the
mechanisms leading to additional hydrogen content. In Fig. 9, the gas
rates of CHy4, Hp, CO and CO;, of the three hydrogen-contributable cases
were compiled and compared. In general, a rate variation of each gas
exhibited a very similar trend among the three scenarios. For example,
the rates of CH4 and CO rose steeply upon water injection until reaching
a relatively stable high rate in less than half day, followed by a sharp
decline in 1-2 days. The Hj rate underwent a slow increase, followed by
a sharp boost in about 1.5 days after water injection until it entered an
approximate plateau of 10,000 m3/day or so. In all cases hydrogen
production started to decline at the end of the observation time, indi-
cating that the relative position of the injection point to the newly
expanded boundary turned unfavorable to hydrogen production. The
rate of CO, did not change significantly throughout the examined period
in all hydrogen-enhanced cases. The grey-out region in Fig. 9 marked the
drastic changes in a gas rate, wherein some minor differences are
discernable. A sharp boost in Hy occurred first in (d), i.e., injection
beneath the char boundary, followed by (c) and (e). Furthermore, in
conjunction with variations in hydrogen production as shown in the
curves, the CO and CH4 rates exhibited an opposite change; e.g., (e)
features the longest duration of the high-rate plateau, followed by (c)
and (d).

To further unveil the reactions leading to hydrogen production under
water injection, gas rates were compared between scenario (d) and the
no-water injection base case in Fig. 10. In the base case, the gas rate was
relatively steadied during the short observation time window except for
CO, which showed a constant rise. The plots of scenario (d) imply that
the intervention of external water triggered a rate boost for all gases in
the beginning, with prominent increments to CH4 and CO. The notable
reactions involving water are steam gasification, a reversible water—gas
shift and steam-methane reforming (see Table 1). Therefore, an abrupt

Energy Conversion and Management 325 (2025) 119449

abundance in water initially drives these reactions for more CO and CO5.
However, in comparison to CH4 and CO, the disproportionately slow
increments in Hy and CO, may indicate active reactions of Boudouard
and methanation which help consume H; and CO» for more CH4 and CO.

The effects of injected water on a gas rate reversed 1 day later as the
abundance of water was vanishing; i.e., Hy gained incremental mo-
mentum whilst the rates of CH4 and CO began plummeting as demon-
strated in Fig. 10. This drastic change in the pattern of a gas rate is
reflective of the engaging chemical reactions. For example, the rate of
CH4 that plunged to almost none at the end of the observation time
means that the methanation process was either feeble or overwhelmed
by a steam-methane reforming reaction. In addition, a soaring Hj rate
and a diving CO rate may imply a prevailing water-gas shift process in
which CO was converted into Hy. Furthermore, the reactions of steam
gasification and steam-methane reforming may be active in generating
Hj and CO, and the produced CO will be predominantly reduced in the
subsequent water—gas shift event. Therefore, while it is unreasonable to
rule out the contribution of other reactions, one can conclude that the
water—gas shift phenomenon contributed substantially to the enhanced
hydrogen production.

Fig. 11 shows the temperature value of each injection point before
water was injected. The relative low temperature above the cavity and
on the outer boundary reinforced the results that these two injection
positions unfavoured hydrogen-oriented endothermic gasification re-
actions. On the contrary, the other three injection scenarios were based
on elevated-temperature locations, with scenario (d) had the highest
temperature of 1004 °C as it situated within the combustion region as
supported in Fig. 11. Counterintuitively, the higher-temperature sce-
nario (c), i.e., 885 °C, was slightly outperformed by the 752 °C scenario
(c) in hydrogen production. This underperformance was likely due to
limitations in mass transport because the char boundary was less
permeable than the void. Therefore, the injection point under the
boundary resulted in the best performance of hydrogen production for
two main reasons. First, the very high temperature in the combustion
zone favours endothermic gasification reactions. In addition, the prox-
imity to both the char layer and the void space where the reactive gases
are abundant is beneficial to the reactions.

The introduction of external water exerts a strong impact on cavity
temperature. Before water injection the cavity had an active combustion
ring with temperature as high as over 1000 °C as shown in Fig. 11.
However, at the end of the observation period the prevailing tempera-
ture in the cavity was about 400 °C, with the peak at about 500 °C on the
thin combustion ring (see Fig. 12). This striking disparity is attributable
to the cooling effects of water and the promoted endothermic gasifica-
tion reactions. It is worth noting that an elevated temperature is one of
many indicators of a sustainable UCG cavity which grows and evolves to
generate sizable syngas. Thus, the design of a water injection rate must
be carefully justified on a case specific basis.

4.1.2. Multipoint injection

In field operations, wellbores are commonly utilized in the form of
multiple perforations as opposed to single perforation, as the latter may
incur higher maintenance costs due to the risk of clogging. The use of
multiple perforations in the present study aims for increased hydrogen
production. It is important to note that determining the optimal number
of perforations is not the objective of this subsection. Instead, the focus is
on whether multipoint water injection exhibits superior hydrogen pro-
duction capabilities compared to the single-point scenario.

To facilitate a comparison, the single-point analysis will be extended
to multipoint scenarios. However, multiple perforations require occu-
pying more grids. Therefore, to avoid an overlap between cases, only
three scenarios were considered: (a) above the boundary; (b) under the
boundary; and (c) in the cavity. The number of perforations is three, and
the locations in each scenario are illustrated in Fig. 13.

Fig. 14 depicts the cumulative hydrogen production of all multipoint
injection scenarios for the same 5-day observation window, with
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(a) above the cavity

1188 078

(c) in the middle of the boundary

1188 078

(e) at the cavity center
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(b) on the boundary

1188078

(d) under the boundary

1004°C

1188078

Fig. 11. Temperature of the injection points at the start of water injection.

inclusion of the optimal single-point injection case and the base case.
The results confirm that the injection of water outside the cavity seems
irrelevant to hydrogen production, which is consistent with the single-
point findings. It is also reinforced that water injection under the
boundary was the optimal position for hydrogen production, although
the difference between scenarios (b) and (c) was less noticeable. How-
ever, a comparison between the single-point and multipoint injections
illustrates that 11 % more H; was yielded in the multipoint scheme. This
improved performance revealed that injecting water in a wider range
had a positive role in the reactions leading to a higher H; yield.

4.2. Retractable water injection

Owing to proximity to both the hot char layer and the gas-abundant
void, injection of water just below the char boundary exhibited the
optimal performance among all the tested scenarios. In addition, it is
revealed that multipoint water injection helped further hydrogen pro-
duction by another 11 %. As illustrated in Figs. 9 and 10, nevertheless,
the growing nature of the underground char boundary rendered the
optimal injection location less desirable over time and the hydrogen
production rate started to decline. To mitigate this trend and obtain a
continuous high-rate production of Hj, a technique of retractable water
injection points was herein proposed as sketched in Fig. 3. The under-
lying idea is that upon detecting a decline in the Hj rate an retraction
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Fig. 12. Temperature profile of the cavity on day 5 for scenario (d).

maneuver of the water injection is performed to align the injection
points with the current char boundary such that gasification reactions
with water revitalize.

To verify the feasibility to sustain a high Hy rate with retractable
water injection, the post-water injection time of the multipoint under-
the-boundary model was extended to 20 days from 5 days. In view of
the H, rate commencing to decline, a comparative model was created in
which the water injection well was retracted 3 grids upward on day 5.

4.2.1. Effect on hydrogen enhancement

Fig. 15 compiles the hydrogen production rates for the post water
injection period, i.e., 20 days. Gas rates were identical until day 5 when
injection points were retracted upwards. The Hy rate climbed up

(a) above the cavity

(c) in the cavity
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instantly with water injection and peaked on day 2 at around 10,500
m®/day, followed by a steady decline as shown in Fig. 15. In the regular
scenario, the Hy rate stabilized after 10 days at approximately 2,300 m>/
day, nearly one fifth of the peak.

The benefits of well retraction were indistinguishable until 1 day
later. The plots exhibited that the decline in the Hy rate was turned
around on day 6 upon retraction whereas it persisted in the regular
scheme. At the more suitable injection positions, the Hy rate steadily
increased until it entered a relatively plateau state, where the average Hy
rate was close to 10,000 m>/day as revealed in Fig. 15. In addition, the
much longer high-rate period than that of the pre-retraction reflects that
water injections helped inhibit cavity growth in the vertical direction,
which will be further explained below.

The contribution from retracting water injection points is seen
prominent in terms of cumulative hydrogen production, as shown in
Fig. 16. Before retraction, a cumulative of 50,000 m° Hy was produced.
However, the momentum in hydrogen production slowed down on day 5
in the regular scheme, indicating that more suitable injection points are
required. The blue curve demonstrates that the momentum was regained
after retracting upward the water injector. At the end of the simulation,
a cumulative of nearly 178,000 m® Hy was generated, up from 88,700
m® in the non-retraction scenario, showcasing a huge benefit from the
technique of retractable water injection.

4.2.2. Cavity control

One of the overarching environmental concerns pertaining to UCG
derives from the intractable growth of an underground cavity. For
example, an unsuccessful cavity growth includes a preferential expan-
sion into the overburden rocks and causes hazardous components to be
leached into the overhead aquifers. Furthermore, a high-temperature
front incurs thermal stress and fractures in coal and surrounding strata

(b) under the boundary

Fig. 13. Locations of various multipoint injection schemes.
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Fig. 14. Comparison of cumulative hydrogen production of multipoint injec-
tion scenarios.
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Fig. 16. Cumulative hydrogen production with retractable water injec-
tion technique.

and leads to adverse enhanced mass transfer into caprock. The simula-
tion results in this work indicate that water injection helps mitigate this
environmental concern through lowering the temperature of the
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thermal front and thus inhibiting the vertical growth of the UCG cavity.

Fig. 17 shows the temperature of the thermal front for the retractable
multipoint water injection technique on day 50, i.e., after 20 days of
water injection. Compared to the no water injection process, it manifests
that the average front temperature was brought down from 800 °C to
about 300 °C. In general, the prevailing temperature in the cavity and
boundary was notably dampened by water-assisted endothermic gasi-
fication reactions, which, in turn, leads to fewer induced fractures at the
thermal front. Fig. 18 presents the cavities in various scenarios in the
form of porosity. The original coal porosity is 0.04, and the coal/char
entirely consumed void porosity is 0.66 based on the model setting
because ash is modelled to stay in situ. Owing to a homogenous coal
model, the no water injection UCG model exhibited a more well-rounded
cavity with a thick char boundary as indicated in Fig. 18 (a). In contrast,
Fig. 18 (b) and (c) show that the water injection process resulted in a
much thinner char boundary probably because of a lower-temperature
cavity. In the vertical direction, the suppression of water on cavity
growth is evident. For example, for the same grid examined in Fig. 18, it
was almost a void in the base case (minor char left) while it just started
to gasify in the water injection cases. In addition, it further shows that
the retractable process played an additional role in limiting the vertical
growth of the cavity as the grid porosity had the lowest value in Fig. 18
(c), namely 0.06.

However, the effects on the horizontal cavity growth differed. It
seems that an impediment to the vertical direction forced the cavity to
grow horizontally. It reveals that the void (red region) in Fig. 18 (b) and
(c) exhibited a more evident ‘beak’ than that in Fig. 18 (a). In particular,
Fig. 18 (c) demonstrates that the retractable water injection technique
contributed to a longer ‘beak’ than the regular injection strategy, indi-
cating a stronger effect on cavity control in the vertical direction. The
utility of retractable water injection on cavity control bears significant
meanings. First, less thermally induced fractures and a control of vertical
cavity expansion may help eliminate the concern of aquifer contami-
nations associated with UCG. In addition, the preference to grow a
cavity in the horizontal plane results in a higher coal recovery, rather
than losing heat to the caprock. Furthermore, with proper maneuver the
integrity of the overburden rock can be maintained for subsequent
practices of storing CO» in post-UCG cavities.

5. Conclusions

This study utilized numerical simulations to investigate the mecha-
nisms of water-assisted hydrogen production in the context of UCG. The
findings revealed that water injection into the inner cavity significantly
enhanced hydrogen production, achieving a maximum increase of
nearly fivefold compared to scenarios without water injection. This
enhancement is attributed to the proximity to both the hot char
boundary and the gas-abundant void, with the water—gas shift reaction
playing a critical role in boosting hydrogen content. Further simulations
indicated that multipoint water injection increased the hydrogen pro-
duction rate by approximately 11 %, suggesting that injecting water
over a wider area effectively promotes hydrogen-oriented endothermic
gasification reactions. This approach also highlighted the advantage of
positioning the water injection just below the char boundary for optimal
results.

To address the decline in hydrogen production over time, a retract-
able water injection technique was introduced. This innovative method
demonstrated substantial potential in sustaining high hydrogen pro-
duction rates over extended periods. The stable hydrogen rate increased
from 2,300 m3/day to approximately 10,000 m3/day through the
retraction maneuver. Moreover, water injection proved effective in
limiting vertical cavity growth, with retractable water injectors having
an even more pronounced impact. By carefully maneuvering the
retraction of water injection points, the integrity of the overburden rock
can be preserved, mitigating the environmental concerns of aquifer
contamination. This approach also facilitates the subsequent practice of
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(a) Retractable multipoint injection
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(b) No water injection

Fig. 17. Cavity temperature comparison after water injection.

(a) No water injection

(b) Regular multipoint injection

(c) Retractable multipoint injection

$;=0.06

Fig. 18. Cavity growth comparison in porosity after water injection.

12

storing CO3 in post-UCG cavities, aligning with environmental protec-
tion goals.

The findings highlight UCG’s potential as a low-carbon energy source
and its crucial role in the hydrogen economy, offering valuable insights
for future research. Future studies should focus on optimizing water
injection strategies, particularly multi-point injection, to enhance
hydrogen yield and reduce energy consumption. Additionally, further
investigation into the water—gas shift reaction across different geological
and coal rank conditions will improve hydrogen production stability and
efficiency, especially in deep or complex coal seams. The scalability of
water injection technology has demonstrated significant potential for
long-term efficiency improvements, and future research should assess its
feasibility in large-scale industrial applications, with a focus on adapt-
ability and regulation across various UCG system sizes. Furthermore,
precise control of void expansion during water injection should be
explored through real-time monitoring and intelligent feedback systems
to ensure environmental safety and prevent groundwater
contamination.
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