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Abstract
Coal catalytic hydrogasification (CCHG) is a straightforward approach for producing CH4, which shows advantages over 
the mature coal-to-CH4 technologies from the perspectives of CH4 yield, thermal efficiency, and CO2 emission. The core 
of CCHG is to make carbon in coal convert into CH4 efficiently with a catalyst. In the past decades, intensive research has 
been devoted to catalytic hydrogasification of model carbon (pitch coke, activated carbon, coal char). However, the chemical 
process of CCHG is still not well understood because the coal structure is more complicated, and CCHG is a combination 
of coal catalytic hydropyrolysis and coal char catalytic hydrogasification. This review seeks to shed light on the catalytic 
process of raw coal during CCHG. The configuration of suitable catalysts, operating conditions, and feedstocks for tailoring 
CH4 formation were identified, and the underlying mechanisms were elucidated. Based on these results, the CCHG process 
was evaluated, emphasizing pollutant emissions, energy efficiency, and reactor design. Furthermore, the opportunities and 
strategic approaches for CCHG under the restraint of carbon neutrality were highlighted by considering the penetration of 
“green” H2, biomass, and CO2 into CCHG. Preliminary investigations from our laboratories demonstrated that the integrated 
CCHG and biomass/CO2 hydrogenation process could perform as an emerging pathway for boosting CH4 production by 
consuming fewer fossil fuels, fulfilling the context of green manufacturing. This work not only provides systematic knowl-
edge of CCHG but also helps to guide the efficient hydrogenation of other carbonaceous resources such as biomass, CO2, 
and coal-derived wastes.
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List of symbols
AAEMs	� Alkali–alkaline earth metals
Ar	� Archimedes constant
BTX	� Benzene, toluene, and xylenes
C2–C3	� C2H6, C2H4, C3H8, and C3H6
Cat-DH	� Catalytic depolymerization and hydrogenation
Cat-HC	� Catalytic hydrocracking
CCHG	� Coal catalytic hydrogasification
CCG​	� Coal catalytic gasification
CHG	� Coal hydrogasification
Co–Ca	� Cobalt–calcium binary catalyst
co-CCHG	� Combining coal cataytic hydrogasification 

and biomass hydrogasification
CS	� Corn stalks
D	� Inner diameter of fluidized bed (m)
DFT	� Density functional theory
dp	� Coal particle diameter (m)
FG	� Fugu bituminous coal
H	� Height of dense phase bed (m)
HCL	� Hydrocarbon liquids
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LHV	� Lower heating value
N	� Fluidization number
Pθ	� Standard pressure (Pa)
PCH4

	� CH4 partial pressure (Pa)
PCX	� Phenol, cresols, and xylenols
PH2

	� H2 partial pressure (Pa)
PRT	� Particle residence time
PS	� Particle size
r	� H2/coal mass ratio
R	� Universal gas constant (J/mol K)
Re	� Reynolds number
Remf	� Reynolds number at the minimum fluidization 

velocity
RE	� Renewable energy
RTZ	� Reaction zone temperature
SHM	� Shanghaimiao high sulfur sub-bituminous 

coal
SNG	� Substituted natural gas
STP	� Standard temperature and pressure
T	� Temperature (K)
t	� Residence time of coal particle (h)
TEM	� Transmission electron microscopy
TSG	� Two-stage gasification
J	� Reaction quotient
u	� Gas velocity (m/s)
umf	� Minimum fluidization velocity (m/s)
VCH4

	� CH4 formation rate (mL/g min)
VM	� Volatile matter
W	� Mass feeding rate of coal (kg/h)
XRD	� X-ray diffraction
YCH4

	� CH4 yield (%)
YM	� Yimin lignite
YQ	� Yangquan anthracite
ZJX	� Zhujixi bituminous coal
ΔG⊖	� Standard Gibbs free energy change (J/mol)
ΔG	� Gibbs free energy change at certain reaction 

conditions (J/mol)
∆H	� Reaction heat (kcal/mol)
ρg	� H2 density (kg/m3)
ρp	� Coal particle density (kg/m3)
μg	� H2 viscosity (Pa s)
ℇmf	� Bed voidage at the minimum fluidization 

velocity

1  Introduction

Substituted natural gas (SNG), an important low-carbon and 
clean fuel, is characterized by a limited reserve compared 
to coal in Asian and European Union countries (Si et al. 
2022). It is predicted that the SNG consumption in these 
countries will continuously increase, while more than 40% 
of them rely on importation (Xie 2021). For the security of 

energy structure, there is a great necessity for developing the 
technology of coal-to-SNG. Especially in recent years, the 
requirement for reducing greenhouse gas emissions moti-
vates the low-carbon utilization of coal.

The coal-to-SNG technologies are often categorized into 
two-stage gasification (TSG), coal catalytic gasification 
(CCG), and coal hydrogasification (CHG) (Suuberg et al. 
1980; He et al. 2013; Yuan et al. 2018; Chang et al. 2020). 
The TSG represented by the Lurgi gasifier has been com-
mercialized, while the CCG and CHG are under demonstra-
tion (Li et al. 2021). TSG produces CH4 through various 
units, including coal gasification, water–gas shift reaction, 
and methanation. A long process characteristics TSG, and 
the endothermic and exothermic reactions are conducted 
separately, resulting in low thermal efficiency (61.9%) and 
high investment (Yuan 2020). CCG integrates the endother-
mic and exothermic reactions in one reactor with the aid 
of potassium/sodium catalysts, and thus, the energy effi-
ciency is improved (71.4%) (Steinberg 2005). However, the 
methanation process in CCG is thermodynamically limited 
because all of the reactions in CCG take place at a relatively 
high temperature (~ 700 °C) (Hirsch et al. 1982). Therefore, 
CCG is characterized by high coal conversion (~ 95%) and 
low CH4 yield (~ 25%). From the perspective of CH4 pro-
duction, CHG is the most appealing route, as it produces 
CH4 with a high yield (30%–50%) and thermal efficiency 
(79.6%) (Steinberg 2005; Yuan et al. 2018). However, the 
essence of CHG is a hydropyrolysis process. Suffering from 
the low C–H2 reactivity, a large amount of inert carbon 
remains unconverted, although harsh reaction conditions 
(850–1100 °C, 5–7 MPa) are adopted (Mısırlıoğlu et al. 
2007). A large amount of char residue needs to be reused, 
which results in a high post-processing load and a low han-
dling capacity.

Catalytic hydrogasification is an effective approach to 
accelerate the conversion of inert carbon under mild con-
ditions (750–850 °C, 1–3 MPa) (Tomita and Tamai 1972; 
Haga and Nishiyama 1987; Qu et al. 2022). Since the 1980s, 
many research institutions have performed laboratory-scale 
investigations of catalytic hydrogasification with model car-
bon (graphite, activated carbon, pitch coke, and coal char) 
as the raw materials, and the alkali and transition metals 
were proved as the suitable catalysts (Casanova et al. 1983; 
Nishiyama 1986; Zoheidi and Miller 1987; Matsumoto et al. 
1991). It is well accepted that catalytic hydrogasification of 
model carbon follows two crucial steps: supplying active 
hydrogen (H·) and activating C=C bonds (Tamai et al. 1977; 
Haga and Nishiyama 1983; Han et al. 2022). The catalysts 
mainly participate in these two processes to accelerate the 
C–H2 reaction. It is also well recognized that the reactivity 
of catalytic hydrogasification is determined by many factors, 
such as the nature of catalysts, including addition amount, 
dispersion, and component, and the properties of model 
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carbon consist of surface area, ash/sulfur content, and degree 
of condensation (Tomita et al. 1983; Liu et al. 2017a, 2017b; 
Zhang et al. 2019; Saraceno et al. 2023). Disappointingly, 
although great progress had been made in catalytic hydro-
gasification of model carbon, the trail nearly ceased and did 
not extend to catalytic hydrogasification of coal because of 
the low economic attractiveness of SNG in the 1980–2000s. 
As a result, plenty of fundamental issues remain unsolved, 
such as the best configuration of catalyst, the crucial step for 
C–H2 catalytic reaction, the behavior of catalyst in catalytic 
hydrogasification of coal, et al. A clear elaboration of the 
above issues is worthwhile because it is not only helpful for 
the design of catalyst and feedstocks, but also provide strate-
gies for regulating reaction process to tailor the generation 
of target products.

In the practical production process, raw coal instead of 
model carbon prefers to be used as the raw material. Com-
pared to that of model carbon catalytic hydrogasification, 
coal catalytic hydrogasification (CCHG) has the following 
merits (Anthony and Howard 1976; Yan et al. 2017; Yuan 
et al. 2018): (1) Coal resource is abundantly distributed and 
ready for use; (2) Raw coal has less ordered carbon structure 
than that of the model carbon, which possesses relativity 
high reactivity itself; (3) CCHG produces additional high 
value-added HCL (hydrocarbon liquids) including ‘benzene, 
toluene, xylenes’ (BTX), ‘phenol, cresols, xylenols’ (PCX) 
and naphthalene. However, raw coal is a complex heteroge-
neous material with various chemical and physical proper-
ties, and catalysis in coal hydrogasification is significantly 
affected by coal properties (Yuan et al. 2015). In addition, 
the catalyst not only catalyzes hydrogasification of coal char, 
but also affects the hydropyrolysis of raw coal, which in turn 
shows enormous effects on coal char hydrogasificaion (Yan 
et al. 2018), making the CCHG process complicated. To 

date, most of the studies mainly concentrated on catalytic 
hydrogasification of model carbon, while the detailed cataly-
sis process of coal hydrogasification remains ambiguous.

The interest in CCHG was stimulated in the past dec-
ade due to the rapid growth in price and demand for SNG. 
In addition, the endowment that CCHG produces CH4 and 
HCL simultaneously with high yield and high thermal effi-
ciency (Table 1) under a mild reaction condition also con-
tributes to the widespread attention (Gao et al. 2020; Yan 
et al. 2022). Efforts have been made to explore effective 
catalysts, proper reaction conditions, and catalytic mecha-
nisms (Takarada et al. 1997; Qu et al. 2019; Sun et al. 2019). 
There appears to be a consensus that the recoverability of 
catalysts, the feedstock adaptability, and the availability of 
low-cost hydrogen are the crucial factors affecting the com-
mercialization of CCHG. Fortunately, the first two issues 
have been preliminary addressed in recent years (Yan et al. 
2017, 2021), which will be discussed in Sects. 3 and 4. In 
terms of H2, it can be produced from coal-based syngas, 
coke oven gas, chlorine alkali plants, or renewable energy 
(RE) based gasification or electrolysis (Saeidi et al. 2021). 
The last route has been proposed as a competitive H2 gen-
eration approach in the next ten years (Ipsakis et al. 2021), 
which can realize the insertion of RE into chemical and fuel 
production processes used in modern societies. Moreover, 
integrating RE-based H2 and CCHG is feasible to resolve the 
challenging H2 storage and transport process. Meanwhile, 
the existing infrastructure stores and transports SNG prod-
ucts easily, and the integrated process offers high flexibility 
to stabilize electricity grids with a high share of renewable 
resources, thus enabling long-term low-carbon running. 
Notably, China’s commitments to the international commu-
nity regarding carbon peak and neutral targets set higher 
requirements for coal utilization. As CCHG has the potential 

Table 1   Comparison of the coal-to-SNG technologies

Process Lurgi (Chen 
et al. 2017)

CCG (Hirsch et al. 1982; 
Yuan et al. 2017a, b)

CHG (Anthony and Howard 
1976; Steinberg et al. 2005)

CCHG (Yan et al. 2017)

Reactor Fixed bed Fluidized bed Entrained-flow bed Fluidized bed
Catalyst No K2CO3 No Co and Ca nitrate
Particle Lump coal Powder coal Powder coal Powder coal
Gasifing agent H2O H2O H2 H2

Temperature (°C) 900–1000 700 900–1100 850
Pressure (MPa) 2.0–4.0 3.5 5.0–7.0 3.0
Residence time 1–3 h 2 h 15–20 s 0.5 h
Carbon conversion  ~ 99%  ~ 95%  ~ 50% 90%
CH4 yield  ~ 20.3%  ~ 33.3%  ~ 35.0% 77.3%
CH4 production (Nm3/kg coal) 0.32 0.52 0.55 1.11
CO2 emission (g/mol CH4) 72.64 44.84 36 38.25
Catalyst recovery –  ~ 87.6% –  > 99%
Thermal efficiency 61.9% 72.7% 79.6% 81.8%
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to convert coal in a clean, efficient, and low-carbon manner, 
it is therefore proposed as an alternative technology for the 
traditional TSG and CCG in SNG production.

There have been many excellent reviews on converting 
coal to methane in the past through the approach of TSG, 
CCG, and CHG. (Hirsch et al. 1982; Li et al. 2021) summa-
rized the technologies of CCG and TSG comprehensively. 
In these processes, H2O acts as the gasifying medium, and 
coal reacts with H2O to form CH4 with alkali/alkaline-based 
catalysts. When H2 acts as the gasifying medium, coal per-
forms hydrogasification (CHG) to generate CH4 much more 
efficiently (Table 1), especially in the presence of hydrogen-
ation catalysts. However, little review has been concentrated 
on this issue. (Saraceno et al. 2023) conducted a review of 
CHG, and the process layouts, hydrogasifiers, and catalysts 
were elaborated. Whereas, the catalytic mechanisms of coal 
hydrogasification with the addition of different catalysts 
(alkali-metal compounds, transition-metal compounds, 
and alkaline-earth-metal compounds) remain ambigu-
ous. The profound configurations for the catalyst process 
(catalyst type, temperature, H2 pressure, and coal type) and 
approaches for enhancing CCHG are not well understood. 
Moreover, it is worthwhile to analyze the industrialization 
prospects of CCHG further and discuss the opportunities and 
strategies for CCHG under the restraint of carbon neutrality.

In the present work, we systematically conducted a review 
dealing with CCHG for SNG production. The acting behav-
ior of catalysts, the effect of operating conditions, and reac-
tor configuration for CCHG are investigated. Additionally, 
a comprehensive outline of the process enhancement is pro-
vided based on the reaction principle of CCHG. Addition-
ally, a brief evaluation of the CCHG process was performed, 
emphasizing emissions and efficiency by adopting the exist-
ing experimental results. Furthermore, novel strategies for 
the penetration of renewables in CCHG are proposed and 
preliminary validated in the context of green manufacturing. 
This review can help gain insights into the CCHG process 
and be a reliable reference for scaling up CCHG in a pres-
surized fluidized bed.

2 � The behavior of catalysts in CCHG

2.1 � Catalytic hydrogasification of model carbon

CHG integrates coal hydropyrolysis and coal char hydrogasi-
fication. The rate-determining step of CHG is hydrogasifica-
tion of coal char, and large quantities of studies concentrated 
on the catalytic hydrogenation of model carbon instead of 
raw coal in the 1980–2010s (Hiittinger 1981; Huttinger 
and Krauss 1981; Holstein and Boudart 1981; Baker et al. 
1982; Haga and Nishiyama 1989; González et al. 2002; Cha 
et al. 2007). The core of catalytic hydrogasification is to 

explore the suitable catalyst with high activity, high recov-
ery, and low cost. The catalyst commonly studied includes 
alkali compounds, transition compounds, and alkali-earth 
compounds, such as K-, Fe-, Co-, Ni-, and Ca- compounds 
(Qu et al. 2022). Figure 1 presents the activity of different 
catalysts in the hydrogasification of activated carbon (with-
out ash, sulfur, or oxygen) at 850 °C and 1 MPa H2. The 
results show that the activity of Fe, Co, and Ni-based cata-
lysts is much higher than that of K- and Ca-based catalysts 
at the loading amount of 2%. The detailed catalytic behav-
iors of different components are elaborated in the following 
sections.

2.1.1 � Alkali metals

It is well known that alkali metal salts are profound cata-
lysts for coal gasification, with water vapor as the gasify-
ing agent (Wood and Sancier 2006). Many researchers also 
adopted them for hydrogasification. K- and Na-based com-
pounds were focused because of the abundantly available 
source and low cost. The activity of K- compounds is in 
the order of K2CO3 ≈ KHCO3 > K2SO4 > KCl, and the activ-
ity sequence is associated with the alkalinity of potassium 
catalyst (Cypres et al. 1984). (Skodras et al. 2016) found 
that K2PO4, K2CO3, CH3COOK, and KOH with higher alka-
linity were more active for hydrogasification than KNO3, 
KBr, KCl, and KHSO4. The added amount of alkali metals 
influences its activity significantly. The suitable amount of 
K2CO3 for hydrogasification is 5%–20% (as potassium metal 
in coal), and the catalytic reactivity generally increases with 
the addition of catalysts in this range (Zhan et al. 2012). 
When the loading amount is below 5%, the catalytic effect 
is not obvious because there exist few active sites, consist-
ent with the result in Fig. 1. When the loading amount is 
above 20%, large quantities of catalyst would block the pore 
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Fig. 1   Effect of different catalysts on hydrogasification of activated 
carbon (reaction conditions: 850 °C, 1 MPa H2) (Qu et al. 2022)
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structure and agglomerate on the surface of coal char, result-
ing in decreased reactivity. (Wang et al. 2019) conducted 
hydrogasification of coal char by blending biomass ash rich 
in alkali metals, and the results revealed that large quantities 
of K- and Na-based compounds migrated onto the coal char 
surface to promote hydrogasification. This research provides 
an economical and environment-friendly way for hydrogasi-
fication with alkali metal as the catalyst.

Different mechanisms were proposed for the alkali 
metal-catalyzed hydrogasification of model carbon. One 
mechanism involves the formation of M-(O)-C (M refers 
to K or Na) species during hydrogasification. (Zoheidi and 
Miller 1987) considered that the oxygen surface groups in 
coal char played an important role in determining K activ-
ity. The C=O carbonyl groups were possible candidates 
that would interact with K compounds to form K-(O)-C 
structures, which promotes CO generating and forming 
nascent active sites. Another mechanism is the direct reac-
tion and interaction between model carbon and potassium 
compounds, as shown in Eqs. (1)–(3). (Liu et al. 2017a, b) 
reported that K2CO3 and Na2CO3 were reduced to K and Na 
metal by carbon, which then intercalated the carbon struc-
ture to restrain the graphitization process of coal char and 
facilitate the hydrogenation of carbon. Herein, it should be 
noted that the above two mechanisms might exist in hydro-
gasification simultaneously. (Martin and Toomajian 1992) 
impregnated 2%K2CO3 to the oxidized coal char, and a 100-
fold increase in hydrogasification rate was observed. How-
ever, the same amount of K2CO3 results in little increase 
in the hydrogasification rate of activated carbon without 
oxygen, as shown in Fig. 1. The results hinter the interac-
tion between K and oxygen surface groups, which promotes 
hydrogasification significantly. When it comes to coal char 
with little oxygen surface groups, the catalytic hydrogasifica-
tion reactivity increases with the loading amount of catalyst, 
suggesting that the interaction between K and carbon plays 
the dominant role in this circumstance.

In the CCHG process, the reaction temperature is com-
monly at the scope 750–900 °C, which brings about severe 
evaporation of the alkali compounds. (Zoheidi et al. 1987) 
conducted catalytic hydrogasification under 865 °C. The 
results showed that more than 50% of K compounds would 
be lost when the carbon sample gasified to 47% conversion. 
(Song et al. 2019) evaluated the distribution of potassium 
during co-pyrolysis of coal and biomass at 500 °C. They 
found that 65% of potassium in biomass would migrate to 

(1)M2CO3 + C ↔ M2O + CO2 + C ↔ 2M + CO2 + CO

(2)2M + 2nC ↔ 2C
n
M

(3)2C
n
M + 4nH2 ↔ 2M + 2nCH4

the pyrolyzed coal char, 15.9% of potassium would evapo-
rate to the gas phase, and the rest of the potassium would be 
retained in biomass char. Apart from evaporation, potassium 
tends to react with minerals in coal and form water-insol-
uble compounds, such as KAlSiO4, which is catalytically 
inactive and causes difficulties in the recovery of potassium 
(Masnadi et al. 2014, 2015). Therefore, the drawbacks of 
alkali compounds, including the need for a large amount of 
catalyst additions (5 wt%–20 wt% in metal), a tendency of 
alkali evaporation at high temperatures, and a possibility of 
reacting with mineral matter, would lead to catalyst losses, 
high catalyst recovery costs, and the corrosion of the tubes 
when considering the practical application. The integration 
of coal and biomass hydrogasification might solve the defi-
ciencies of alkali catalysts, as biomass is commonly rich in 
alkali metals, which easily migrate to coal char to promote 
the C–H2 reaction. More importantly, the alkali compounds 
in biomass ash can be accumulated and reused cyclically 
without considering recovery, which might be cost-effective 
and fulfill the large loading amount of catalyst.

2.1.2 � Transition metals

In the 1980s, (Tomita et al. 1972) first found that transition 
metals such as Rh, Ru, Ir, Pt, Ni, Pd, Co, and Fe possess 
activity towards hydrogasification of model carbon. Among 
them, the iron-group metals (Fe, Co, and Ni) appeal to many 
researchers due to their abundant resources and low price. 
Fe/Co/Ni supplies active hydrogen (H·), impairs the bond 
energy of C=C for the C–H2 reaction and exerts profound 
activity with the loading of 1%–5% (Haga et al. 1987; Yan 
et al. 2018). As shown in Fig. 1, the activity sequence of the 
iron-group metals is Co ≈ Ni > Fe. However, (Ohtsuka et al. 
1987; Matsumoto et al. 1991) reported that the activity order 
is Co >  > Ni > Fe. The iron-group metals show similar capa-
bility towards supplying active hydrogen, and the key factor 
determining their activity is their ability to activate and frac-
ture C=C bonds in carbon structure (Tamai et al. 1977; Yan 
et al. 2017). The previous results commonly found that Fe 
has inferior activity than Co and Ni, suggesting Fe possesses 
a poor endowment of breaking C=C bonds.

For Co and Ni, they exert diverse activity sequences in 
different studies. As each research uses the same catalyst 
precursor, catalyst loading amount, and reaction conditions, 
the discrepancy in the Co and Ni activity sequence can be 
correlated with using different model carbon. The carbon 
species were usually demineralized prior to use, and the 
main factor affecting the catalyst’s activity might be the sul-
fur content. In the hydrogasification of model carbon, sulfur 
evolves in the form of H2S. Plenty of research reported that 
a ppm grade of H2S would suppress the activity of iron-
group metals in hydrogasification because the electron 
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in sulfur will strongly absorb in the empty d-orbit of Co 
and Ni, which restrained the disassociation of H2 and the 
activation of carbon structure by the catalyst (Tomita et al. 
1983; Nishiyama et al. 1990). It can be seen in Fig. 2 that 
50 ppm H2S decreases the activity of Co and Ni significantly 
at 850 °C. With increasing the reaction temperature to a 
higher temperature of 950 °C, the activity of Co is recovered 
remarkably, while the activity of Ni remains very low. This 
result suggests that a higher temperature is adverse to H2S 
adsorption on the catalyst surface, and the negative effect 
of H2S on the Ni is more obvious than Co because H2S is 
absorbed on the Ni surface more strongly.

The above discussions well explained the different activ-
ity sequences of Co and Ni in the literature. In Fig. 1, the 
carbonaceous material used for catalytic hydrogasification is 
sulfur-free, so the results present the instinct activity of Fe, 
Co, and Ni. (Ohtsuka et al. 1987; Matsumoto et al. 1991) use 
coal char as the raw material, which contains ~ 0.3% sulfur. 
A ppm grade of H2S would inevitably be generated during 
hydrogasification (Matsumoto and Walker 1989), which sup-
pressed the activity of Ni to a greater extent. Thus, Ni shows 
an inferior activity than Co. In terms of Fe, (Huttinger et al. 
1981) found that H2S reacted with Fe to form FeS directly 
instead of absorption on the Fe surface, and FeS showed no 
activity towards hydrogasification. For Co and Ni, no sulfide 
phase was formed because the Co and Ni sulfides were easily 
hydrogenated under a hydrogasification condition (Tomita 
et al. 1983; Yan et al. 2021). Instead, the generated H2S 
affected their activity through strong chemical adsorption. 
Therefore, care should be taken when evaluating the activity 
of transition metals for hydrogasification of sulfur-contain-
ing materials.

Apart from H2S, the dispersion state of iron-group metals 
also affects the catalytic activity, which is influenced by the 

loading approach, addition amount, the catalyst precursor, 
et al. (Tomita et al. 1972) loaded Ni catalyst onto the acti-
vated carbon through mechanical mixing and impregnation, 
respectively, and the latter approach showed higher activity 
due to the less extent of agglomeration. The agglomeration 
of catalysts during hydrogasification is attributed to the fol-
lowing two factors: (1) The hydrogasification temperature 
is usually above the Tamman temperature (TTamman = 0.5 
Tmelting) of Fe/Co/Ni, and the bulk atoms of Fe/Co/Ni 
would migrate close to each other leading to agglomeration 
(Moulijn and Kapteijn 2001). (2) In the course of Fe/Co/
Ni-catalyzed hydrogasification, the carbon gradually loses 
in the vicinity of catalysts, which promotes the chance of 
contact between the catalyst particles and results in agglom-
eration (Tomita et al. 1983). An increase in the loading 
amount of the catalyst generally contributes to the reactiv-
ity. Whereas the model carbon has a finite surface area, the 
agglomeration would be enhanced when the addition of 
catalyst exceeds the ideal amount, resulting in a decrease 
in reactivity. (Ohtsuka et al. 1987) investigated the effect 
of precursors on the dispersion of Fe catalysts. The results 
reveal that FeCl3 and Fe2(SO4)3 agglomerated seriously on 
the surface of model carbon, and the average crystallite size 
of Fe metals was above 100 nm. In the presence of Fe(NO3)3 
and (NH4)3Fe(C2O4), Fe metals were well dispersed with 
an average crystallite size below 29 nm. It was especially 
pointed out that the catalytic activity of iron-group metals 
decreased drastically when the average size of crystallites 
grew above 30 nm (Asami and  Ohtsuka 1993). Therefore, 
the chlorides and sulfates should not act as the precursor of 
the catalyst. The inferior effect of chlorides and sulfates on 
the dispersion of catalysts was also reported in other works 
(Inui et al. 1979; Jiang et al. 2017).

As the iron-group metals supply active hydrogen (H·) 
and activate C=C bonds for C–H2 reaction, two mech-
anisms exist in Fe/Co/Ni catalyzed hydrogasification 
of model carbon (Yan et  al. 2017): (1) Active hydro-
gen spilling-over mechanism; (2) C=C bonds breakage 
mechanism, as depicted in Fig. 3. It had long been vague 
that which mechanism plays the crucial role in catalytic 
hydrogasification. Matsumoto et al. (1991) found that the 
hydrogasification rate increased enormously upon mixing 
a supported Ni catalyst with the catalyst-loaded char. The 
result hints that the spill-over of active hydrogen promoted 
catalytic hydrogasification, while the role of mechanism 
remains unaddressed. (Tamai et al. 1977) conducted cata-
lytic gasification in different gasifying agents (H2O, CO2, 
or H2), and discovered that the activity sequence of dif-
ferent catalysts was independent of the reactant gas. The 
result holds that the catalyst-carbon interaction was more 
important than the catalyst-gas interaction, i.e., the cata-
lytic fracturing of C=C bonds was the crucial step. As the 
chemisorption behavior of H2O, CO2, or H2 on different 
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metals is quite different, the activity sequence should have 
exhibited a difference if the catalyst-gas interaction was 
more important than the catalyst-carbon interaction. Our 
previous work investigated Co-catalyzed hydrogasification 
of coal char at different pressures, and found that the C–H2 
catalytic reaction is in zero order relative to H2 pressure 
at the reaction condition of above 800 °C and 1 MPa H2 
(Yan et al. 2018). The result suggested that the supply of 
active hydrogen is adequate, and the catalytic fracture of 
C=C bonds was demonstrated to be the crucial step in the 
catalytic hydrogasification of model carbon. The above 
explorations provide meaningful theory guidance to pro-
mote catalytic hydrogasification via mediating the conden-
sation of carbon structure instead of increasing the supply 
of active hydrogen under appropriate reaction conditions.

Tracing back to the instinct activity sequence of Fe, Co, 
and Ni, the type of interaction between the catalyst and car-
bon might account for their different activity, as the supply 
of active hydrogen is adequate at an appropriate reaction 
condition. Many researchers suggested that the carbide for-
mation or carbon dissolution in Fe/Co/Ni metal might be 
an attractive explanation for the interaction as such carbons 
possessed high reactivity (Tamai et al. 1977; Holstein and 
Boudart 1981; Qu et al. 2019). In the catalytic hydrogasi-
fication process, Fe3C is often found in the catalyzed coal 
chars, whereas no Co or Ni carbide was formed; instead, 
they existed in the metallic state (Yan et al. 2017; Yuan 
et al. 2017a, b). (Zhang et al. 2019) reported that Fe3C is an 
active phase for catalytic hydrogasification, but the activity 
of Fe is low because the carbon atoms combined with Fe 
in the form of an ionic bond, which is too strong to be rap-
idly hydrogasified. However, in terms of Co and Ni, carbon 
atoms cover the catalyst surface in a dissolution state, which 
is readily hydrogenated by active hydrogen, and thus, Co 
and Ni exhibit superior activity than Fe (Haga et al. 1992; 

Yan et al. 2022). Equations (4)–(6) presents the principle 
of Fe/Co/Ni-catalyzed hydrogasification of model carbon 
(Yan et al. 2017).

2.1.3 � Alkali earth metals

Alkali earth metals such as CaO performs well in cata-
lytic gasification with CO2 and H2O as the gasifying agent 
(Lahijani et al. 2013; Yu et al. 2020; Liu et al. 2021). In 
the presence of oxidizing agents, CaO was able to interact 
with carbon in coal and form highly reactive Ca–O–C spe-
cies (González et al. 2013; Zhang et al. 2021). However, 
in the presence of H2, CaO exhibited little activity toward 
hydrogasification of model carbon (Fig. 1). The researchers 
applied CaO to hydrogasification because it exerts catalytic 
effects on the cleavage of methyl groups in aromatic rings 
and accelerates the rupture of rings including BTX, PCX, 
indole, and benzofuran during cracking of coal tar in N2 
(Banerjee et al. 1998; Jia et al. 2004). The absence of activ-
ity for CaO-catalyzed hydrogasification might be attributed 
to: (1) Model carbon such as coal char and graphite has 
much more condensed carbon structures than the above-
mentioned model chemicals. The dissociation energies of 
C=C bonds at the edge of condensed aromatic rings is very 
high because of the electron delocalization effect (Yan et al. 
2022). Hence, the catalytic fracture ability of CaO may only 
suit the carbonaceous materials with less ordered carbon 
structure; (2) In the H2 atmosphere, CaO is not able to pro-
vide active hydrogen or interact with condensed carbon, and 
thus it shows little activity for C–H2 reaction (Suzuki et al. 
1998).

Herein, it should be emphasized that when the model 
carbon is less ordered in carbon structure or contaminated 
by some Fe-containing minerals, the experimental result 
would reveal that CaO exerts profound activity toward 
hydrogasification. Jiang et al. (2016) conducted CaO-cat-
alytic hydrogasification with demineralized lignite char as 
the raw material, and the result revealed that CaO promoted 
hydrogasification and restrained the graphitization process 
of coal char. Jiang et al. (2017) found that CaO had no 
activity toward hydrogasification of bituminous coal char. 
However, when the bituminous coal char contains a small 
amount of Fe, CaO would migrate adjacent to Fe, and they 

(4)H2 → H ⋅ +H⋅

(5)
C = C bonds breaking → C[bulk] + Fe → Fe3C + H⋅ → Fe + CH4

(6)

C =C bonds breaking → C[bulk]

→ C
[

Co∕Ni, dissolved
]

→ C[ad]

+ H⋅ → CHx[ad] + H⋅ → CH4

Fig. 3   The schematic diagram of Fe/Co/Ni catalyzed hydrogasifica-
tion of model carbon (Matsumoto 1991; Matsumoto and Sakagami 
1993)
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cooperate to exert a catalytic effect. With the ever-ordering 
carbon structure to a graphite state, neither CaO nor CaO–Fe 
works well for hydrogasification. Casanova et al. (1983) 
impregnated CaO onto graphite and pretreated the specimen 
in an H2O atmosphere at 600 °C prior to hydrogasification. 
The result revealed that CaO catalyzed the depolymerization 
of graphite to a more reactive form, which exhibited high 
hydrogasification reactivity, as shown in Eqs. (7)–(8). The 
above researches provide valuable strategies for enhancing 
CaO-catalyzed hydrogasification of model carbon, such as 
reducing the ordering of carbon structure, adding a defi-
nite amount of Fe, and introducing a proper content of H2O. 
Anyway, it would be safe to conclude that CaO exhibits infe-
rior activity towards hydrogasification of model carbon free 
of any heteroatoms.

2.1.4 � Transition & alkali earth bimetallic metals

The above discussions in this section indicate that the iron-
group metals have advantages over the other two types of 
catalyst because Fe/Co/Ni possess high instinct activity for 
C–H2 reaction at a low loading amount (1%–5%), and Fig. 1 
shows the experimental data intuitively. However, in practi-
cal manufacturing, the carbonaceous materials (coal, coal 
char, pitch coke et al.) have a low surface area and a definite 
sulfur content. The low surface area makes iron-group met-
als agglomerate to form large particles, and the evolved H2S 
poisons the catalyst easily, which results in the activity loss 
of Fe/Co/Ni towards the C–H2 reaction.

Many efforts have been devoted to solving the sinter-
ing and poisoning problems. Among them, one efficient 
approach is to add alkaline-earth metals as additives (Haga 
and Nishiyama 1987; Dziembaj et al. 1996). Ca compound 
itself has little activity for hydrogasification of carbon. How-
ever, when the Ca compound acts as the additive, it not only 
promotes the distribution of iron-group metals on the car-
bon surface, but also reacts with H2S to prevent Fe/Co/Ni 
from being poisoned (Yuan et al. 2015; Zhang et al. 2023). 
(Haga and Nishiyama 1983) investigated the effect of Ca, 
Mg, Al, and Ba compounds on Ni-catalyzed hydrogasifica-
tion of pitch coke. The results showed that the Ca compound 
showed a superior promoting effect, and the ideal addition 
amount was 1%. Calcium nitrate and acetate have the same 
promoting effect, while calcium chloride shows no promot-
ing effect.

(7)C(graphite∕ amorphous)

CaO
⟶

H2O
C(active)

(8)C(active) + 2H2 → CH4

A detailed analysis of the promoting behavior of Ca com-
pounds revealed that the impregnated calcium nitrate/ace-
tate reacts with carbon and forms CaO(COO) species upon 
heating in H2 (Haga and Nishiyama 1983). Subsequently, 
CaO(COO) decomposed into CO2 and CaO above 650 °C, 
which are the vital components promoting the activity of 
Fe/Co/Ni with Fe/Co/Ni and Ca nitrates/acetates as the pre-
cursor of the binary catalysts. (Haga et al. 1992) reported 
that the CO2 liberated from the CaO(COO) would be in-situ 
captured by the adjacent Ni–C structure. As a result, a new 
Ni–(O)–C species was formed, which was responsible for 
the high dispersion of Ni and high reactivity of carbon. In 
terms of CaO, the group led by (Liu et al. 2017a, b) found 
that CaO not only retards Fe sintering and poisoning, more 
importantly, Ca also triggered Fe-catalyzing hydrogasifi-
cation of low-reactive amorphous/graphite carbon. Very 
recently, we mechanically mixed CaO with cobalt (Co)-
impregnated anthracite (Yan et al. 2021). The results showed 
that the CaO particles migrated to the surface of char and 
exhibited an enormous promoting effect on the Co-catalyzed 
hydrogasification of graphite carbon. When CaCO3 was used 
instead of CaO, the initial reaction stage was promoted to a 
greater extent, attributing to the role of CO2 evolved from 
CaCO3. These experimental results validate the promoting 
mechanism of Ca compound proposed by (Jiang et al. 2017; 
Haga et al. 1992).

Therefore, the use of Ca and Fe/Co/Ni nitrates/acetates as 
binary catalysts solves the bottle-neck problem of iron-group 
metals in hydrogasification of carbonaceous resources, and 
the Ca compounds exhibit the following effects: (1) making 
Fe/Co/Ni disperse well on carbon surface; (2) retarding the 
poisoning of Fe/Co/Ni; (3) mediating the Fe/Co/Ni-C inter-
actions to facilitate the catalytic hydrogenation of unreac-
tive carbon (graphite/amorphous carbon), as shown in Eqs. 
(9)–(14) (Yuan et al. 2017a, b; Yan et al. 2021, 2022).

where M, C−, and C* represent Fe/Co/Ni metal, graphite/
amorphous carbon, and active carbon, respectively.

(9)CaO − (COO) → CaO + CO2

(10)CaO + H2S → CaS + H2O

(11)M−C− + CaO → M−C∗ − CaO

(12)M−C− + CO2 → M−(O)−C− + CO

(13)M−(O)−C−
→ M−C∗ + CO

(14)M−C∗ + H2 → M−C∗ + CH4
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2.2 � Catalytic hydrogasification of coal

Section 2.1 indicates that the rate-determining step of CHG 
can be well addressed by adding desirable catalysts. The 
behavior of different catalysts for the C–H2 reaction is 
presented in Table 2. It is appreciated to observe that the 
binary catalyst composed of an iron-group metal and a Ca 
compound is superior to other catalyst types. In the course 
of CHG, coal particles experience devolatilization (R1.1), 
the secondary reaction of volatiles (R1.2), the intermediate 
reaction of radicals (R2), hydrogenation of active carbon, 
and hydrogenation of graphite/amorphous carbon (R3), as 
shown in Fig. 4. The previous researches on hydrogasifica-
tion of model carbon primarily focused on R3. However, 
when it comes to CHG, the reaction process is more compli-
cated. The catalyst not only promotes R3, but also exhibits 

effects on R1 and R2, which determines the reactivity of 
pyrolyzed coal char and the subsequent generation of target 
products, including CH4, C2–C3, and HCL. The researches 
on this issue are relatively rare because few works conducted 
catalytic hydrogasification with raw coal as the specimen 
until the past decade. In this section, the acting role of Fe/
Co/Ni and Ca in the binary catalysts on CHG is elaborated 
with reference to the catalytic hydrogasification of model 
carbon and the previous works of our group on catalytic 
hydrogasification of coal.

2.2.1 � Catalytic hydropyrolysis of coal

Plenty of works proved that Fe/Co/Ni supplied active hydro-
gen and impaired C=C bonds in the hydrogasification of 
coal char. During the hydropyrolysis of coal, the iron-group 

Table 2   Characteristics of catalysts applied to CCHG

Catalyst type Loading amount Merits Drawbacks Catalytic mechanism

Alkali metals (K, Na et al.) 
(Zoheidi and Miller 1987; 
Liu et al. 2017a, b; Zhan et al. 
2012)

5%–20% Low price, high activity High addition, easy to 
evaporate, hard to 
recover

Embedding into carbon structure 
to active carbon structure and 
restrain ring condensing

Alkaline earth metal (Ca) 
(Linares-Solano et al. 1985; 
Jiang et al. 2017)

2%–10% Low price Low activity Activating carbon structure in the 
presence of H2O

Iron-group metals (Fe/Co/Ni) 
(Matsumoto 1991; Tomita 
et al. 1983; Yuan et al. 2017a, 
b)

1%–5% Low addition, high activity Sintering, poisoning Supplying active hydrogen; 
Impairing C=C bonds

Binary metals (Fe–Ca, Co–Ca, 
Ni–Ca)(Haga and Nishiyama 
1987; Yan et al. 2017)

Fe/Co/Ni: 1%–5%
Ca: 1%–2%

Low addition, high activity – Ca: promoting Fe/Co/Ni disper-
sion; Capturing sulfur; Mediat-
ing Fe/Co/Ni–C interaction

Fig. 4   Reaction process of coal hydrogasification (Canel et al. 2005)
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metals exerted similar effects. Two mechanisms were 
involved in the catalysis process, as depicted in Fig. 5. On 
one hand, the catalyst promoted the cleavage of chemical 
bonds in coal and catalyst-dissociated active hydrogen stabi-
lized the radicals in volatiles and coal char, by which the coal 
devolatilization process (R1) was facilitated, and the forma-
tion of C− in R2 was suppressed. This action was referred to 
as the catalytic depolymerization and hydrogenation mecha-
nism (Cat-DH), which conduced to generating more vola-
tiles and the high hydrogasification reactivity of pyrolyzed 
coal char (Yan et al. 2018). On the other hand, the Fe/Co/
Ni-char was a strong Lewis acid structure, and it showed an 
enormous catalytic hydrocracking (Cat-HC) effect on the 
volatiles (Han et al. 2014), which decreased the tar yield 
and increased CH4 yield. The combination of Cat-DH and 

Cat-HC effect generally gives rise to the increase of CH4 
yield, while the tar and HCL yields depend on the behavior 
of catalysts, as shown in Fig. 6. In the presence of Fe or Ni, 
tar and HCL increased with the addition of catalyst, sug-
gesting the Cat-DH effect plays a more important role than 
the Cat-HC effect. Whereas, in terms of Co, the yield of tar 
and HCL decreased, attributing to the extremely high acid of 
the Co-char structure that resulted in a severe Cat-HC effect 
(Yan et al. 2017; Han et al. 2014).

With the addition of 1%Ca, the tar and HCL yields for 
5%Fe, 5%Ni, and 5%Co further increased. However, when 
1%Ca existed alone, the tar and HCL yield decreased. This 
result indicates 1%Ca promoted 5% Fe/Co/Ni-catalyzed coal 
hydropyrolysis, with the promoting effect on Cat-DH being 
more evident than that on Cat-HC, and thus contributed to 
the yield of target products such as HCL and CH4. The pro-
moting mechanism of Ca in Fe/Co/Ni-catalyzed hydropy-
rolysis can be deduced with reference to the role of Ca in 
Fe/Co/Ni-catalyzed hydrogasification. It was recognized in 
Sect. 2.1.4 that Ca promoted the dispersion of iron-group 
metals, which contributed to the supply of active hydrogen 
and the interaction efficiency between the catalyst and coal. 
Additionally, Ca triggered the catalytic hydrogenation effect 
of Fe/Co/Ni catalyst on low-reactive amorphous/graphite 
carbon, suggesting the chemical bonds fracturing ability of 
Fe/Co/Ni catalyst was strengthened. The above roles of Ca 
favored the Cat-DH effect of the catalyst in hydropyrolysis; 
as a result, more volatiles were generated and hydrogenated 
to form CH4, HCL, and tar (Yan et al. 2022).

2.2.2 � Catalytic hydrogasification of pyrolyzed coal char

The interaction between catalyst and coal in the pyrolysis 
stage not only affects the formation behavior of gaseous and 
liquid products, but also influences the carbon structure of 
pyrolyzed coal char, which determines its subsequent gasifi-
cation reactivity (Zhu et al. 2017; Liu et al. 2019). To facili-
tate coal char gasification in H2O/CO2, many studies impreg-
nated catalysts onto coal surfaces and conducted catalytic 
pyrolysis prior to catalytic gasification. The results proved 
that the catalyst changed the evolution pathway of coal 
structure during pyrolysis. The pyrolyzed coal char was less 
ordering, and rich in pore structures and surface functional 
groups, which contributed to the high gasification reactivity 
(Zhang et al. 2017; Śpiewak et al. 2021). When conducting 
catalytic gasification in H2, a similar role of catalyst existed. 
Our previous work conducted catalytic pyrolysis (in N2) and 
catalytic hydropyrolysis (in H2) of subbituminous coal in a 
pressurized fluidized bed, and the results proved that the 
coal char generated from catalytic hydropyrolysis had higher 
hydrogasification reactivity, as shown in Fig. 7 (Yan et al. 
2018). With the coexistence of the Co–Ca catalyst and H2 
in the pyrolysis stage, the chemical bonds could be fractured 

Fig. 5   Schematic diagram of the catalysis process of coal hydropy-
rolysis (Yuan et al. 2015)
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Fig. 6   Effect of catalysts on product distribution in coal catalytic 
hydrogasification (Coal 1 and Coal 2: subbituminous coal, conducted 
under 750 °C and 1 MPa H2 by Yuan et al. (Yuan et al. 2015; Yuan 
et al. 2017a, b); Coal 3: subbituminous coal, conducted under 850 °C 
and 3 MPa H2 by (Qu et al. 2019)
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and hydrogenated rapidly, which had less chance to undergo 
ring condensation, and thus, the pyrolyzed coal char pos-
sessed more reactive sites. When H2 was replaced by N2 in 
the catalytic pyrolysis stage, the fractured chemical bonds 
could not be hydrogenated, which would recombine, and the 
condensing of coal char was inevitable; thus, the pyrolyzed 
coal char showed relatively low reactivity.

For the coal char generated after Co–Ca–H2 (hypy), its 
subsequent catalytic hydrogasification was zero order rela-
tive to hydrogen pressure at temperatures above 800 °C 

and H2 pressure above 1.0 MPa (Yan et al. 2018; Qu et al. 
2022), suggesting the supply of active hydrogen is adequate 
for C–H2 reaction, and the crucial step is the catalytic cleav-
age of C=C bonds. The catalytic cleavage and hydrogenation 
process of C=C bonds has been proposed with respect to the 
catalysis principle of Co and the established mechanism for 
hydrogasification of model carbon (Calderón et al. 2016, 
2017), as shown in Fig. 8. The Co catalyst embedded into the 
aromatic rings to facilitate the controlling step of 1,2-hydro-
gen migration (S2 → S3), which favored the cleavage of 
C1–C3 bonds and the formation rate of CH4. In the binary 
catalyst system, CaO is a Lewis base, while the Co–C struc-
ture is Lewis acid. CaO appealed to migrating close to Co, 
making Co well dispersed and mediating the Co–C interac-
tion, and thus, the Co-catalyzed hydrogasification of coal 
char was promoted. Further works are deserved to validate 
the stepwise catalytic cleavage and hydrogenation process of 
C=C bonds and reveal the interacting mechanism between 
CaO and Co–C structure with the aid of theory calculation.

2.3 � Comparison of catalytic hydrogasification 
of model carbon and coal

Based on the above discussions, the characteristics of model 
carbon and coal catalytic hydrogasification are summarized 
and compared in Table 3. It can be seen that the reaction of 
coal catalytic hydrogasification is more complicated than 
that of model carbon. During this process, the superior Fe/
Co/Ni–Ca bimetallic can be adopted to achieve a high CH4 
yield. According to the reaction condition, it is indicated 

Fig. 7   Effect of coal pyrolysis on catalytic hydrogasification of pyro-
lyzed coal char (reaction condition: 850 °C, 3 MPa H2; py: pyrolysis, 
hypy: hydropyrolysis, hyga: hydrogasification) (Yan et al. 2018)

Fig. 8   The catalytic cleavage 
process of C=C bonds in aro-
matic rings (Yan et al. 2018) S1
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that the hydrogasification reactivity of model carbon is much 
lower than that of raw coal, because higher temperature, H2 
pressure, and significantly longer particle residence time 
are required for model carbon to achieve a desirable CH4 
yield. Regarding CH4 production, coal catalytic hydrogasi-
fication results in less CO2 emission because the coal struc-
ture contains an additional amount of H; thus less ‘grey’ 
H2 is required for CH4 formation. Whereas, these additional 
amounts of H cause a higher heating value of coal than that 
of model carbon, which lowers the energy efficiency of coal 
catalytic hydrogasification. In terms of catalytic mecha-
nisms, the catalysts spill over active hydrogen and impair 
C–C bonds for C–H2 reaction during model carbon hydro-
gasification. When it comes to coal hydrogasification, the 
catalysts play an additional catalytic depolymerization role 
during the hydropyrolysis of coal. This action contributes to 
a higher subsequent hydrogasification reactivity of coal char 
and higher yields of high-value-added HCL compounds. 
Consequently, coal catalytic hydrogasification shows higher 
potential to produce CH4 due to the relatively mild reac-
tion conditions, higher reactivity, lower CO2 emissions, and 
abundant reserves, despite the energy efficiency being some-
what lower than that of model carbon hydrogasification.

3 � Effect of experimental variables on CCHG

Coal catalytic hydrogasification includes coal catalytic 
hydropyrolysis and coal char catalytic hydrogasification, 
which are greatly affected by the reaction conditions such 

as catalyst component and amount, temperature, hydrogen 
pressure, coal property, et al. A clear understanding of 
the effect of these factors will be helpful for the design of 
specimen, reactor, and tailoring the generation behavior 
of target products (CH4 and HCL). In the past decade, 
numerous researchers have concentrated on this topic, and 
the main results are listed in Table 4.

3.1 � Catalyst type and loading

The catalyst type and loading are important parameters 
determining the formation efficiency of CH4 in CCHG. The 
design of a catalyst should consider the activity, economy, 
the catalysis mechanism, et al. The selection of suitable 
catalyst configurations based on the above criteria and a 
clear understanding of the catalysis mechanisms is of sig-
nificance for further researches on CCHG. It is indicated 
from Sect. 2.1 and Table 4 that Fe–Ca, Co–Ca, and Ni–Ca 
are suitable catalysts for CCHG, because they are cheaper 
than the noble catalysts (Pt, Ru, Rh et al.). In addition, they 
achieve a high yield of CH4 in a short particle residence time 
(< 60 min) due to the synergy of the binary components. The 
role of Fe/Co/Ni is to supply active hydrogen and impaired 
C=C bonds in coal structure. With increasing the loading 
of the metals, the above behaviors will be strengthened, and 
the result in Fig. 9a presents that the appropriate amount 
might be 5%. In terms of Ca, it retards the sintering and 
poisoning of Fe/Co/Ni and mediates the Fe/Co/Ni-C interac-
tion. With increasing the addition of Ca from 0% to 1%, the 
promoting effect increases significantly (Fig. 9b). Whereas, 
further increasing Ca addition from 1% to 2% decreases 

Table 3   Comparisons of 
catalytic hydrogasification of 
model carbon and coal (Haga 
and Nishiyama 1987; Suzuki 
et al. 1998; González et al. 
2002; Jiang et al. 2017; Yan 
et al. 2017, 2022)

a Only carbon-containing products are considered in the reactions; bThe value of energy efficiency was cal-
culated on the basis of 80% CH4 yield, and the calculating method can refer to Sect. 4.3

Comparisons Model carbon 
catalytic hydro-
gasification

Coal catalytic hydrogasification

Reactionsa C + H2 → CH4 Hydropyrolysis: 
CmHnOz + H2 → CH4 + C2-C3 + CO + CO2 + HCL + Tar + Char

Hydrogasification: Char + H2 → CH4

Catalysts Fe/Co/Ni-Ca Fe/Co/Ni-Ca
Temperature 700–1000 °C 600–850 °C
H2 pressure 1–7 MPa 0.1–3 MPa
Residence time 3–7 h 0.5–1 h
CH4 yield 50%–90% 50%–80%
HCL yield - 1.5%–3.5%
CO2 emission 44.0 g/mol CH4 38.3 g/mol CH4

Energy efficiencyb 84.5% 81.8%
Catalytic mechanism Hydrogen spill-

over
C–C bonds cata-

lytic fracturing

Catalytic depolymerization of coal
Hydrogen spill-over
C–C bonds catalytic fracturing
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its promoting effect, attributing to the fact that the small 
surface area of coal particles restricts the accommodation 
of catalysts. Thus, a high addition of Ca gives rise to the 
agglomeration of Fe/Co/Ni metals (Yuan et al. 2017a, b). 
It is intuitively in Fig. 9 that the activity sequence of the 
binary catalyst is Co–Ca > Ni–Ca > Fe–Ca. The higher activ-
ity of Co–Ca might be correlated with its superior ability to 

fracture C=C bonds and stronger tolerance towards H2S dur-
ing hydrogasification, as has been discussed in Sect. 2.1.2.

CH4 is the main gaseous product in CCHG, and the 
increase of catalyst loading to a proper amount (Fe/Co/Ni: 
5%; Ca: 1%) generally facilitates CH4 formation rate and 
yield. In the binary catalyst system, the increase of Fe/Co/Ni 
facilitates reactions (Eqs. (4)–(6)), while the increase of Ca 

Table 4   Summary of the recent research results on CCHG

Source Specimen Catalyst Reactor Conditions Max. CH4 yield (%) Max. HCL
yield (%)

Hong et al. (2013) Lignite K2CO3/Na2CO3 Fixed bed 800 °C
4 MPa

67.1 in 60 min –

Yuan et al. (2015) Bituminous coal Ni/Ni–Ca Fixed bed 750 °C
1 MPa

18.5 in 60 min 2.15

Jiang et al. (2017) Bituminous coal char Fe–Ca Fixed bed 700, 750, 800 °C
3 MPa

63 in 400 min –

Yuan et al. (2017a, b) Subbituminous coal Fe–Ca Fixed bed 650, 700, 750 °C
1, 2, 3 MPa

19 in 60 min 3.38

Yan et al. (2017) Bituminous coal Fe–Ca/Co–Ca/Ni–Ca Fluidized bed 850 °C, 3 MPa 77.3 in 30 min 1.32
Liu et al. (2017a, b) Lignite char K2CO3/Na2CO3/CaO Fixed bed 850 °C, 5 MPa 80 in 80 min –
Yan et al. (2018) Bituminous coal char Co–Ca P-TGA​ 750, 800, 850 °C

1, 2, 3 MPa
88 in 60 min –

Qu et al. (2019) Bituminous coal Co–Ca Fluidized bed 850 °C
3 MPa

77.3 in 30 min 1.47

Sun et al. (2019) Subbituminous coal 
char

Cu–Ni–Ca Fixed bed 700, 750, 800 °C
2 MPa

88.3 in 450 min –

Sun et al. (2021) Subbituminous coal 
char

Cu–Ca Fixed bed 700, 750, 800 °C
2 MPa

60.6 in 450 min –

Yan et al. (2021) Lignite, bituminous 
coal, anthracite

Co–Ca Fluidized bed 850 °C
3 MPa

83.5 in 60 min –

Yan et al. (2022) Bituminous coal Co–Ca Fluidized bed 600, 700, 750, 800, 
850 °C

0.6, 1, 2, 3 MPa

77.3 in 30 min 3.36
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Fig. 9   Effect of the loading amount of Fe/Co/Ni or Ca in the Fe/Co/Ni–Ca binary catalyst on catalytic hydrogasification (data adopted from 
(Haga and Nishiyama 1987; Yuan et al. 2015; Yuan et al. 2017a, b; Yan et al. 2022))
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promotes (Eqs. (9)–(14)), and thus they cooperate to accel-
erate the whole coal-H2 reaction process. Herein, it should 
be noted that although adding 2%Ca has an inferior effect 
on the dispersion of Fe/Co/Ni than 1%Ca, the maximum 
CH4 formation rate of 2%Ca was much higher than that of 
1%Ca. This result is because the chemical-promoting effect 
of Ca on Fe/Co/Ni–C interaction was more important than 
the physical-promoting effect on Fe/Co/Ni dispersion (Yan 
et al. 2022). In the hydropyrolysis stage, Ca-promoted Fe/
Co/Ni–C interaction or Fe/Co/Ni dispersion boosted the 
cleavage of chemical bonds in coal structure, resulting in 
the generation of more volatiles and the formation of pyro-
lyzed coal char with abundant active sites. In the hydrogasi-
fication stage, the highly dispersed Fe/Co/Ni alone was not 
able to catalyze hydrogenation of graphite carbon, while the 
Ca-promoted Fe/Co/Ni–C interaction triggered the gradual 
hydrogenation of graphite carbon.

In terms of liquid products such as water, tar, and HCL, 
their yields depend on the addition of a catalyst. The water 
originates from catalytic hydropyrolysis of coal and hydro-
genation of nitrate/acetate catalyst, and its yield increases as 
the Fe/Co/Ni or Ca amount because of the hydrogenation of 
additional oxygen-containing catalyst precursors (Yan et al. 
2018). Tar and HCL come from catalytic hydropyrolysis of 
coal, and the Cat-DH and Cat-HC effects dominate their 
yields (Yan et al. 2017). In the binary catalyst system, the 
two effects coexist. A high loading amount of Co (~ 5%) 
contributes to the Cat-HC effect due to the high acid of the 
Co–C structure, which decreases tar and HCL yield. A high 
loading amount of Fe/Ni (~ 5%) conduces to the Cat-DH 
effect because the acid of Fe/Ni-C structure is moderate, 
which increases tar and HCL yield. With increasing Ca 
addition to a proper amount (1%), the Fe/Co/Ni are well 

dispersed, and the Cat-DH and Cat-HC effects are strength-
ened, with Cat-DH being enhanced to a greater extent, which 
favors the yield of tar and HCL.

3.2 � Temperature

Reaction temperature affects the generation behavior of 
volatiles during the hydropyrolysis of coal, the formation 
rate of CH4 during the hydrogasification of coal char, and 
the interaction between catalyst and coal during the reaction 
process. Elaborating on the effect of reaction temperature 
on these issues will help to tailor the CCHG process. In the 
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hydropyrolysis stage, a high temperature simultaneously pro-
motes the Cat-DH and Cat-HC processes (Yan et al. 2022). 
The previous results presented that a temperature higher than 
600 °C decreases the tar yield drastically because the Cat-
HC effect was intensified to a greater extent, as shown in 
Fig. 10a. In the hydrogasification stage, the hydrogenation 
of carbon is the primary reaction, which is reversible and 
exothermic. It is consensus that a high reaction temperature 
is unfavorable for C–H2 reaction due to the thermodynamic 
limit. However, the results in Fig. 11 show that a high tem-
perature benefits catalytic hydrogasification, manifesting that 
the C–H2 catalytic reaction locates in the kinetic-controlling 
region instead of the thermodynamic-controlling region at 
the temperature range of 600–900 °C. When the reaction 
temperature reaches 850 °C, more than 80% of carbon con-
version (CH4 yield) is achievable.

Reaction temperature plays two important roles in CCHG. 
On the one hand, a high temperature promotes the dissocia-
tion of hydrogen and the cleavage of chemical bonds. On 
the other hand, increasing reaction temperature facilitated 
the diffusion of catalyst in coal structure, which boosted 
the interaction frequency between catalyst and carbon; as a 
result, more carbon in coal was catalytically hydrogasified 
in much reactive form characterized by the activation energy 
(Yan et al. 2022). Therefore, elevating reaction temperature 
in the range of 600–900 °C facilitated CH4 formation rate 
significantly. In general, conducting CCHG above 750 °C 
ensures a high coal conversion and CH4 yield at the expense 
of HCL yield, as shown in Figs. 10a and 11.

3.3 � Pressure

Model carbon hydrogasification belongs to a volumetric 
reduction reaction, and increased H2 pressure generally 

promotes carbon conversion and CH4 yield. When it comes 
to coal catalytic hydrogasification, H2 pressure not only 
affects the C–H2 reaction, but also influences the secondary 
hydrogenation of volatiles during coal pyrolysis. Elaborating 
the effect of H2 pressure on these issues will help to enhance 
CH4 and HCL formation. As shown in Fig. 12, the increase 
of H2 pressure promotes model carbon and coal catalytic 
hydrogasification, and most of the researchers found that 
a desirable CH4 yield could be achieved by elevating H2 
pressure to 3 MPa. In the presence of a superior Co-based 
catalyst, a mediate pressure of 3 MPa attains a high carbon 
conversion of ~ 90%. Herein, it is worth noting that high 
pressure itself could not greatly facilitate coal conversion. 
The acting role of pressure should be accompanied by an 
appropriate temperature. For instance, (Yuan et al. 2017a, b) 
performed Fe-Ca-catalyzed coal hydrogasification at 700 °C. 
The results showed that carbon conversion of coal increased 
slightly from 42.2% to 48.0% with elevating H2 pressure 
from 1 to 3 MPa. Whereas, (Jiang et al. 2016, 2017) con-
ducted Fe–Ca-catalyzed hydrogasification of coal char at 
800 °C, and carbon conversion increased significantly from 
5.0% to 70.3% with H2 pressure rising from 0.1 to 2.25 MPa. 
Our group also found that at a high temperature of 850 °C, 
the elevation of H2 pressure from 0.6 to 3 MPa increased 
carbon conversion significantly from 62.1% to 91.3% for 
Co–Ca catalyzed hydrogasification of coal (Yan et al. 2022). 
The promoting effect of elevated H2 pressure on CH4 forma-
tion rate and yield attributes to the following facts: (i) From 
a kinetic point of view, large quantities of active hydrogen 
concentrated around the coal surface, which is appreciable 
for accelerating the attacking of carbon at the edge of coal; 
(ii) From a thermodynamic perspective, a high concentra-
tion of H2 dilutes the CH4 product; as a result, the revers-
ible C–H2 reaction proceeds to the formation of CH4 more 
thoroughly.

In addition to CH4, H2 pressure also affects the generation 
of HCL, tar, CO, CO2, et al. In the catalytic hydropyrolysis 
stage, high pressure, on the one hand, promoted the three-
phase interaction of catalyst-coal-H2, by which the Cat-DH 
effect was enhanced (Yan et al. 2022). On the other hand, 
rising pressure hindered the release of volatiles from the coal 
particle. It increased the residence time of volatiles in the 
high-temperature region, intensifying the Cat-HC (Zhang 
et al. 2014, 2016). The overall effect would give rise to the 
variation of HCL and tar yields in different reaction systems. 
When CCHG was conducted at 700 °C, the elevation of H2 
pressure promoted HCL yield while decreasing tar yield. 
Whereas, at a reaction temperature of 850 °C, the elevation 
of H2 pressure promoted HCL yield and tar yield simulta-
neously (Fig. 10b), appearing that the Cat-DH was more 
evident than Cat-HC. This result is mainly attributed to the 
fact that a high temperature stimulated the diffusion of cata-
lyst in the bulk structure of coal, and the catalytic cleavage 
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and hydrogenation of chemical bonds during hydropyrolysis 
were strengthened greatly, conducing to the effect of Cat-
DH. In conclusion, high H2 pressure increased the yield of 
HCL (Fig. 10b), while the yield of tar depends on the reac-
tion temperature. In terms of CO and CO2, a high H2 pres-
sure promoted the methanation and reversal water–gas shift 
reactions, and thus, the CO and CO2 as byproducts decreased 
at the elevated pressure.

3.4 � Coal property

The above reviews mainly concentrated on catalytic hydro-
gasification characteristics of model carbon or idealized 
coal with low ash, low caking index, low sulfur content, 
and medium–low rank. However, in the practical produc-
tion process, the exploited coal usually has one or more of 
the abovementioned properties, which might influence the 
instinctive activity of catalysts. For instance, Ni-catalyzed 
hydrogasification of biomass char achieved a high carbon 
conversion of 95% at a moderate reaction condition of 

850 °C and 0.1 MPa H2 (González et al. 2002). Whereas, 
for Ni-catalyzed hydrogasification of pitch coke at 850 °C 
and 1 MPa H2, only ~ 10% carbon conversion was achievable 
(Haga and Nishiyama 1987). The discrepancy in Ni activity 
mainly arose from the carbonaceous specimen’s different 
carbon structures or sulfur content. (Jiang et al. 2017) per-
formed Fe-catalyzed hydrogasification of coal char prepared 
from the same bituminous coal. The results revealed that the 
un-thoroughly demineralized char showed higher reactivity 
as the retained CaO-containing ash promoted Fe activity 
greatly. Therefore, elaborating the effect of coal properties 
on CCHG and exploring the process mediating approaches 
are important for the further application process.

To address this issue, a comprehensive investigation of 
catalytic hydrogasification of coals with high ash, caking 
propensity, high rank, or sulfur content was conducted in 
a pressurized fluidized bed very recently (Yan et al. 2021). 
The results in Fig. 13 show that CCHG can adapt well to 
medium–low rank coals with low caking index and low sul-
fur content directly, and the high ash content has limited 

Fig. 13   Catalytic hydrogasification characteristics of coals with diverse properties in a pressurized fluidized bed (reaction condition: 850  °C, 
3 MPa H2) (Yan et al. 2021)
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residence to the activity of the catalyst. However, a suit-
able mediation approach should be adopted to realize a high 
reactivity in terms of high caking, high rank, or high sulfur-
containing coal.

For CCHG of high caking ZJX coal, the blending of a 
definite amount of medium–low rank FG coal or YM coal 
not only well addressed its caking propensity due to the 
physical separation effect, but also greatly promoted the 
overall CCHG reactivity because of the volatile-catalyst-
coal interactions as shown in Fig. 14a, correspondingly, Eqs. 
(7), (8), (12)–(14) in Sect. 2.1 depicted the interaction pro-
cess. When it comes to CCHG of high-rank YQ anthracite 
and high sulfur-containing SHM subbituminous coal, the 
mechanical blending of a suitable amount of CaO/CaCO3 
promotes the reactivity enormously. On the one hand, CaO/
CaCO3 migrated into the pore structures of coal to trigger 
the activity of iron-group metals towards hydrogenation of 
inert carbon in coal; on the other hand, CaO/CaCO3 captured 
H2S during CCHG to retard the poisoning of iron-group 
metals, as depicted in Fig. 14b. The promoting role of CaO/
CaCO3 can also be interpreted by the proposed mechanism 
in Eqs. (9)–(14).

3.5 � Impurities in gasifying agent

It is noteworthy that in a practical production process, 
CCHG in a continuous gasifier might not implemented in 
pure H2, but in the mixture of H2, H2O, CO2, CO, H2S, et al., 
because coal-generated H2O, CO2, CO, and H2S affects 
CCHG. (Feng et al. 2023a) investigated the effect of steam 
on Co–Ca-catalyzed coal hydrogasification, and the results 
demonstrated that the presence of 5% steam in the gasifying 
agent significantly inhibited Co–Ca activity toward hydro-
gasification. The negative effect of steam could be relieved 
by elevating the reaction temperature to 900 °C and total 
pressure. However, other researchers evidence the promot-
ing effect of steam on CCHG. For instance, (Casanova et al. 
1983) found that water vapor initiated the CaO-catalyzed 
depolymerization of graphite/amorphous carbon; thus, car-
bon in coal existed in a more reactive form and was eas-
ily hydrogenated. (McKEE 1974) demonstrated that water 
vapor in H2 significantly promoted Fe-catalyzed hydrogasi-
fication of graphite. The discrepancy in the effect of H2O on 
CCHG might attributed to the type of catalyst and reaction 

Fig. 14   Schematic diagram 
of probable mechanisms for 
catalytic hydrogasification of a 
Caking coal and b High rank/
sulfur coal (Yan et al. 2021)
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conditions, and further researches should be conducted to 
clarify the effect of H2O comprehensively. In terms of CO 
and CO2, (Gil and Smoliński 2015) proved that adding 10% 
CO2 to H2 considerably enhanced char hydrogasification. 
Our previous work (Feng et al. 2022) conducted CCHG in 
H2 + CO2, and the results demonstrated that Co–Ca contain-
ing char improved the CH4 selectivity of CO/CO2 methana-
tion, thus significantly increasing coal-based CH4 produc-
tion. When it comes to H2S, it is consensus that the ppm 
grade of H2S poisons Fe/Co/Ni catalysts during CCHG 
(Matsumoto and Walker 1989; Yan et al. 2021). The nega-
tive effect of H2S can be mitigated by elevating the reaction 
temperature to above 900 °C or adding AAEMs additives 
(Huttinger and Krauss 1981; Tomita et al. 1983; Yan et al. 
2021). A high temperature restrains the strong absorption of 
H2S on the catalyst surface, and the AAEMs are conductive 
to react with H2S to form sulfates, by which the poisoning 
effect of H2S could be eliminated. The above experimental 
results provide theory guidance to modulate hydrogasifica-
tion reactivity when conducting CCHG in complicated gasi-
fying conditions.

3.6 � Methods for promoting CH4 and HCL in CCHG

In the context of CCHG, it has been noted that the genera-
tion of target products (CH4 and HCL) closely correlates 
with the reaction conditions, including the catalyst type, cat-
alyst loading, reaction temperature, H2 pressure, coal prop-
erty, etc. In terms of catalyst, 5%Co–1%Ca showed higher 
activity than that of 5%Ni–1%Ca and 5%Fe–1%Ca as cobalt 
had a superior performance for activating C=C bonds in coal 
structure, which facilitated coal depolymerization to boost 
HCL formation and enhanced coal char hydrogasification 

to accelerated CH4 formation. For reaction conditions, it is 
consensus that a high temperature is not beneficial for CH4 
yields because a positive standard Gibbs free energy change 
(ΔG⊖) will emerge. However, plenty of research conducted 
CCHG at a high temperature of around 800–1000 °C, and 
high CH4 yields could be obtained (Mısırlıoğlu et al. 2007; 
Yan et al. 2002; Fan et al. 2023). Herein, it is of interest 
to ascertain how reaction conditions affect C–H2 reaction. 
Figure 15 shows the thermodynamic results for the effect 
of temperature and pressure on the C–H2 methanation reac-
tion. It can be seen that a high temperature decreases CH4 
yield in all cases. Nevertheless, when a high temperature 
is coupled with high pressure, CH4 yield can be boosted to 
a great extent. Especially at a high C:H2 ratio of 1:4 under 
5 MPa, achieving a 100% CH4 yield at 900 °C is possible. 
This result can be interpreted by Eqs. (15)–(16). At a high 
reaction temperature, ΔG⊖ is a positive value. When a high 
hydrogen pressure or C:H2 molar ratio is accompanied, the 
term RT InJ would be negative because the value of J will 
be much less than 1. As a result, a negative value of ΔG can 
be obtained under a high temperature. The thermodynamic 
results explain well why CCHG experiments are usually 
implemented under high temperatures and H2 pressure. A 
high temperature is beneficial to accelerate the methanation 
reactions, while a high H2 pressure or high C:H2 feeding 
ratio is conduced to achieve a desired equilibrium state for 
CH4 yield.

(15)ΔG = ΔG⊖ + RT lnJ

(16)J =
PCH4∕P
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wherein, ΔG is Gibbs free energy change at certain reaction 
conditions, J/mol; R is the universal gas constant, J/(mol K); 
T is the reaction temperature, K; J is the reaction quotient; 
PCH4

 is CH4 partial pressure, Pa; PH2
 is H2 partial pressure, 

Pa; Pθ is standard pressure, Pa.
Figure 16 depicts the Van Krevelen diagram of vari-

ous hydrogasification feedstocks. The results show that the 
feedstocks with higher atomic O/C and H/C ratios perform 
superior reactivity. The higher atomic O/C ratio is sug-
gestive of abundant oxygen-containing species in carbon 
structure (Zoheidi and Miller 1987; Zhao et al. 2020), and 
a higher atomic H/C ratio represents that more edge car-
bon persists (Tomeczek and Gil 2010), and they are com-
monly recognized as active sites for hydrogasification or 
catalytic hydrogasification (Zoheidi and Miller 1987; Yan 
et al. 2018). Therefore, when considering CCHG feedstocks, 

medium–low rank coals (lignite and subbituminous coal) 
and biomass with high atomic O/C and H/C ratios are pre-
ferred. Apart from these feedstocks, recent works also dem-
onstrated that CCHG could be applied to coals with high 
ash/caking/rank/sulfur properties. Through the modulating 
approach of blending low-rank coal or CaO/CaCO3, high 
carbon conversion (~ 90%) and CH4 yield (~ 80%) were 
achievable in a short particle residence time of 1.0 h (Yan 
et al. 2021). These results manifested that the technology 
of CCHG has the potential to act as a universal method for 
carbonaceous resources (coal, pitch coke, biomass, solid 
wastes, et al.)-to-SNG. The effects of experimental variables 
on CCHG are summarized in Table 5, and the results might 
provide valuable proposals for regulating target products and 
dealing with different kinds of carbonaceous feedstocks.

Fig. 16   Ther Van Krevelen 
diagram of various hydrogasifi-
cation feedstocks (data adopted 
from (Haga and Nishiyama 
1987; Ohtsuka et al. 1987; Zhan 
et al. 2012; Hong et al. 2013; 
Zhang et al. 2016; Tian et al. 
2021; Yan et al. 2021))
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Table 5   Effect of experimental variables on CCHG

Item Range Acting behavior Promoting strategy

Catalyst type (Haga and Nishiy-
ama 1987; Yan et al. 2017)

Fe–Ca, Co–Ca, Ni–Ca Ideal loading: 5%Fe/Co/Ni–1%Ca
Activity sequence: Co–Ca > Ni–Ca > Fe–Ca

–

Temperature (Yan et al. 2022) 600–850 °C A high temperature promotes CH4 yield, but 
decreases HCL yield

Two stage bed under 
high pressure: Stage 
1, low temperature, 
boost HCL;

Stage 2, high tempera-
ture, boost CH4

H2 pressure (Yuan et al. 2017a, b) 0.1–3 MPa A high H2 pressure promotes CH4 and HCL yields

Coal property (Yan et al. 2021) High ash/caking/rank/sulfur Medium–low rank coals show high CCHG reactiv-
ity

Coal ash does not retard catalyst activity;
Caking propensity arises agglomeration;
High rank coal has low CCHG reactivity;
Sulfur poisons Fe/Co/Ni catalyst, and 1%Ca is 

insufficient to capture high content of H2S

Blending low rank coal 
or biomass: retard 
agglomeration, pro-
mote reactivity;

Blending CaO/CaCO3: 
promote Fe/Co/Ni 
activity, retard poison-
ing
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4 � Preliminary evaluation of CCHG process

In the CCHG process, the recovery of the catalyst, the emis-
sion of the pollutants, the thermal efficiency of the reaction, 
and the scaling-up perspective are important issues to be 
concerned. To date, the abovementioned subjects have yet 
to be addressed comprehensively. This section discussed the 
Co–Ca-catalyzed coal hydrogasification, focusing on the 
recycling of Co, the generation behavior of nitrogen/sulfur-
containing species, the thermal analysis, and the scaling-up 
calculation of the whole reaction process preliminarily.

4.1 � Recycling of catalyst

In the Co–Ca-catalyzed coal hydrogasification process, Co 
catalyst existed in metallic form without reacting with the 
inherent minerals (Qu et al. 2019). Hence, the expensive 
Co can be recovered by a simple acid leaching method. The 
result in Fig. 17 shows that a high recovery of 99.9% can 
be realized for Co, and the recycled catalyst obtained com-
parable activity with the fresh catalyst. For the laboratory 
scale of CCHG, the nitrates commonly act as the precur-
sor of catalysts. However, when it comes to the commer-
cial scale of CCHG, large quantities of HNO3 and nitrates 
would be used. In China, the commercial scale of utilizing 
nitrates may be prohibited in policy due to the susceptive of 

preparing explosives; thus, another alternative catalyst for 
nitrate should be explored.

Tracing back to the catalyst loading process, the Co salts 
should be impregnated onto the coal to attain a good dis-
persion, while the Ca compound could be loaded by wet-
impregnation or mechanically mixing (Yan et al. 2021). 
Therefore, it requires that the Co salts are water-soluble. 
In addition to nitrates, relatively cost-effective salts such 
as cobalt acetate, halides, and sulfates are optional. How-
ever, (Inui et al. 1979; Feng et al. 2023b) reported that the 
halides and sulfates easily agglomerated and showed low 
activity during hydrogasification; thus, only cobalt acetate 
is available. Figure 18 shows the characteristics of CCHG 
with acetates with the catalyst. Compared to 5%Co–1%Ca-
nitrate, 3%Co–1%Ca-acetate has a comparable carbon con-
version, CH4 formation rate, and yield. In terms of tar and 
HCL, their yields are 7.8% and 2.2%, respectively, much 
higher than that of 4.04% and 1.5% for 5%Co–1%Ca-nitrate. 
Therefore, using acetates as a catalyst precursor in CCHG 
has an advantage over the nitrates as a lower loading amount 
of Co achieves a higher yield of target products.

The Co catalyst in the char residue can be recovered 
through acid leaching-precipitation-acid dissolving, as 
shown in Fig. 18c. The recovery of Co in this procedure 
also reaches 99.9%, and the recovered Co(Ac)2 and Ca(Ac)2 
can be re-impregnated onto the coal to conduct CCHG. The 
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Fig. 17   The schematic diagram of recycling Co catalyst for CCHG (Yan et al. 2017)
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results in Fig. 18a and b show that the activity of the recov-
ered catalyst changes insignificantly. Herein, it is worth not-
ing that the recycling of the catalyst was conducted only 
once, far less than the required cycles for the practical pro-
duction process. In the long run, some inherent coal miner-
als will inevitably be dissolved into the catalyst precursors 
and then influence Co–Ca activity. To address this issue, 
our recent work investigated the effect of seventeen mineral 
impurity elements on Co–Ca-catalyzed coal hydrogasifica-
tion (Feng et al. 2023b). The results demonstrated that a high 
Co recovery of 99.7% could be obtained after six cycles, 
while the activity of Co–Ca catalyst was not able to be main-
tained because Al and S-containing compounds performed 
a negative effect on Co–Ca activity. Relevant results will 
guide the optimization of catalyst recycling and the reusing 
process by removing the impurities.

For instance, the negative effect of Al can be eliminated 
by modulating the catalyst recovery process. (Feng et al. 
2023b) penetrated the sodium jarosite precipitation tech-
nology into the Co recovery process, as shown in Fig. S1. 
The results prove that more than 95% of Al will be removed 
into jarosite at a pH of 4.0. As a result, the activity of the 

recovered catalyst nearly rebounded to the level of the fresh 
catalyst, which showed great potential for application. In 
terms of S-containing compounds, they mainly reacted 
with Ca salts and thus lowered the synergy catalytic effect 
between Co and Ca. This effect could be mitigated by add-
ing extra CaO/CaCO3 into the CCHG system, as it had been 
demonstrated that the physically mixed CaO/CaCO3 could 
migrate into the cobalt-loaded char and promote the activity 
of Co enormously (Yan et al. 2021).

4.2 � The emission of sulfur/nitrogen‑containing 
species

SOx, H2S, NOx, HCN, et al. are the commonly reported 
pollutants in coal gasification, with steam, CO2, or O2 as 
the gasifying agent (Yuan et al. 2012; Duan et al. 2017). 
However, under a catalytic hydrogasification condition, 
the formation behavior of sulfur and nitrate species is not 
well documented, especially in the presence of a catalyst. 
For sulfur-containing species, (Tomita et al. 1983; Liang 
et al. 2016) reported that sulfur in coal was mainly gen-
erated in the form of H2S during CCHG, which poisoned 

Fig. 18   Catalytic hydrogasification of coal with acetates as the precursor of catalyst a Products distribution b CH4 formation rate c Recovering 
process of Co and Ca acetates (reaction condition: reaction condition: 850 °C, 3 MPa H2, recovery condition: 25 °C)
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the iron-group metals. Very recently, our group conducted 
Co–Ca-catalyzed hydrogasification of high-sulfur coal 
(Yan et al. 2021). The results revealed that the mechani-
cally mixed CaO in a fluidized bed could capture the evolved 
H2S, and the gaseous products contained no sulfur-contain-
ing species detected by the mass spectrometry, suggesting 
that the CCHG process possesses an important characteristic 
of generating no sulfur-containing pollutants in the gaseous 
products.

In terms of nitrogen-containing species, it can be seen 
in Fig. 19 that nitrogen in coal and nitrate catalysts mainly 
evolved in the form of N2 and NH3, tar-N and char-N during 
CCHG, while no NOx was detected by using the equipment 
of NOx analyzer (NOx5210). In the presence of a Co–Ca 
catalyst, more than 95% of N was converted into N2 and NH3 
with an NH3 selectivity of 28.8%, and the detailed analysis 
of products found that nearly all NH3 dissolved in the con-
densed water. Preliminary experimental results revealed that 
the CCHG-to-SNG process is an environmentally friendly 
process without generating nitrogen or sulfur-containing 
pollutants in gaseous products. Moreover, the nitrogen in 
coal and catalyst precursors can be resourced into a valuable 
product of ammonia, which can potentially complement the 
ammonia synthesis process.

4.3 � Thermal efficiency

Based on the available experimental data for CCHG, the 
thermal efficiency can be preliminarily evaluated. The basic 
data is presented in Table 6, and the following calculation 
procedure is adopted with reference from (Steinberg 2005):

(1)	  Catalytic hydrogasification of FG bituminous coal

wherein, the automatic ratio of C, H, and O is cal-
culated based on the ultimate analysis; the CH4 is 
assumed to be the sum products of CH4 and C2–C3 
in Table 6; (CH) is assumed to be the tar; C is referred 
to as char.

	   In terms of reaction heats, the coal pyrolysis stage is 
assumed to be 1.14 kcal/mol, while the heat released 
for generating CH4 in the hydrogasification stage is 
− 17.2 kcal/0.8 mol CH4, calculated based on the stoi-
chiometric reaction of C + H2 = CH4 (∆H = − 21.5 kcal/
mol). Therefore, the overall reaction heat for CCHG is 
− 16.06 kcal/mol (∆H1).

(2)	  Hydrogen production

wherein, 1.31  mol H2 for CCHG comes from the 
water–gas shift reaction and coal gasification; The raw 
material is 0.035 mol CO generated from CCHG and 
0.571 mol FG bituminous coal, respectively. The over-
all reaction heat for H2 production is 14.35 kcal/mol 
(∆H2).

(3)	  Lower heating value (LHV) of CH4 product

wherein, it is assumed that 0.03 mol CH4 of equivalent 
energy is used for catalyst recovery; thus the net CH4 
production is 0.77 mol.

(4)	  LHV of raw coal

wherein, the 1.571 mol CH0.74O0.14 is supplied for 
hydrogasification and hydrogen production, while 
the combustion of 0.123 mol CH0.74O0.14 is used for 
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compensating the endothermic gasification reaction in 
procedure 2).

(5)	  Overall thermal efficiency
	   The ratio of output energy to input energy is the 

overall thermal efficiency, which can be calculated as 
follows:

Preliminary results reveal that compared to other coal-
to-SNG technologies in Table 1, CCHG not only harvests a 
higher yield of CH4, but also has higher thermal efficiency 
that in turn mitigates CO2 emission. Therefore, scaling up 
CCHG is feasible to reduce the emissions (SOx, NOx, and 
CO2) for SNG production, which fulfills the context of green 
manufacturing.

4.4 � Suitable gasifier for CCHG

Table 7 presents the characteristics of different reactors 
commonly applied to coal gasification, including fixed bed 
gasifier, fluidized bed gasifier, entrained bed gasifier, and 
plasma gasifier (Chanthakett et al. 2021; Midilli et al. 2021). 
A fixed bed reactor is usually adopted for the fundamental 

Thermal efficiency =(ΔH1 + ΔH2 + ΔH3)

∕(ΔH4−1 + ΔH4−2) = 81.8%

research of CCHG, because it is capable of dealing with a 
small dose of coal sample to ensure the reproducibility of 
the results, collecting the gas–liquid-solid three-phase prod-
ucts, and attaining the instinct reaction kinetics. Whereas, 
the fixed bed reactor might not be the suitable gasifier, as 
CCHG treats pulverized coal (< 6 mm) instead of lump coal 
(6–50 mm) for impregnating catalyst. In addition, CCHG is 
a strongly exothermic reaction, and the large quantities of 
reaction heat might be hard to remove in situ, resulting in 
the flying of temperature and the sintering of the catalyst.

When it comes to the fluidized bed reactor, pulver-
ized coal can be used, and the reaction temperature of 
800–1000 °C, pressure of 10–30 bar, and minute-level par-
ticle residence time can all be suited to CCHG. The pul-
verized coal particles used for impregnation of catalysts, 
an appropriate reaction temperature and H2 partial pressure 
(850 °C, 3 MPa) favor the activity of catalysts, and the min-
utes of reaction time is necessary for achieving a high carbon 
conversion and CH4 yield. It is consensus that the fluidized 
bed has a profound transferring endowment, which prom-
ises good temperature-controlling ability and makes CCHG 
proceed fluently (Xia et al. 2021). Moreover, as indicated in 
Sects. 3 and 4, CCHG in a pressurized fluidized bed can be 
well adapted to coals with diverse properties, and it produces 
SNG with little toxic emissions. Therefore, CCHG in a flu-
idized bed gasifier overcomes the drawback of a fixed bed 

Table 6   Primary experimental 
data for calculating the thermal 
efficiency of CCHG (Yan et al. 
2022)

Sample Ultimate analysis (wt%, dry-ash 
free basis)

Product yields (wt%, carbon basis)

FG bituminous coal C H N S O CH4 C2–C3 CO CO2 Tar Char
78.7 4.9 1.2 0.4 14.8 77.3 2.5 3.5 2.6 4.4 8.7

Table 7   Characteristics of different gasifiers (Chanthakett et al. 2021; Midilli et al. 2021)

RZT Reaction zone temperature, PS Particle size, PRT Particle residence time

Reactor type RZT (°C) Pressure (bar) PS (mm) PRT Characteristics

Fixed bed gasifier 500–1000 1–100 6–50 Hour level Stepwise hydrogenation of coal
Long residence time
Hard to remove reaction heat

Fluidized bed gasifier 800–1000 1–50 0.15–6 Minute level Use pulverized coal
Easily scaling up
Good temperature control

Entrained bed gasifier 900–1600 20–80  < 0.15 Second level Short residence time
Flexibility on coal types
Hard to impregnate catalyst

Plasma gasifier Up to 10,000 20–80 No requirement Second level Needless of catalyst
Short particle residence time
Low emissions of carbon and 

toxics
Requirement of high cost and 

frequent maintenance
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gasifier; simultaneously, the advantages of the entrained bed 
gasifier (flexibility on coal types) and plasma gasifier (low 
emission of carbon and toxins) are also taken.

4.5 � Coupling of reaction and fluidization process 
underlying scaling‑up of CCHG

When conducting CCHG in a fluidized bed gasifier, H2 acts 
as not only the gasifying agent, but also the fluidization 
medium, which leaves open questions about the integration 
of reaction and fluidization. That is, in the context of a scal-
ing-up process, the feeding H2 should make the coal parti-
cles well fluidized and thoroughly converted by obeying the 
following criteria: (1) the fluidizing number (N) locates in 
2–5; (2) the ratio of dense-phase bed height (H) to the inner 
diameter of fluidized bed (D) is 2–5; (3) the mass of H2 to 
the mass of coal is 0.25–0.67 to ensure a sufficient supply of 
H2 and high utilization of hydrogen atom. Wherein, H2/Coal 
(mass ratio, referred to as ‘r’) of 0.25 is the stoichiometric 
hydrogen for the C–H2 methanation reaction, while r of 0.67 
is the value used for generating the products in Table 6, and 
it is considered as the upper-limit for supplying H2. Thus, 
N and H/D are associated with fluidization, while the value 
of r correlates with the reaction, and these values should be 
well coupled.

In the context of scaling-up of CCHG in a fluidized 
bed, there are many independent variables to be ascer-
tained to fulfill the above-mentioned requirement, con-
sisting of coal particle diameter (dp), reactor diameter 
(D), fluidizing number (N), and mass feeding rate of coal 
(W). By taking the results in Table 6 as the basis for scal-
ing up CCHG, the known experimental variables and the 
restrictions for designing the fluidized bed are listed in 
Table 8. In the commercial scale of CCHG, the value of 
dp is estimated to be 2 mm for pulverized coal, while the 
value of D is determined as 3.6, 3.0, and 2.5 m in the 
calculation process. The calculating procedure is shown 
as follows:

1. Minimum fluidization velocity (umf)
The Ergun equation is used for calculating the minimum 

fluidization velocity of coal particles (Chitester et al. 1984):

wherein, �g is H2 density, kg/m3; μg is H2 viscosity, Pa·s; 
k2/2k1 = 28.7, 1/k1 = 0.0494, and Ar is the Archimedes 
constant.

2. Fluidization velocity (u) and mass feeding rate of coal (W)

(23)Remf =
�gdpumf

�g

= −
k2

2k1
+

√

(

k2

2k1

)2

+
1

k1

Ar

(24)u = N ⋅ umf

Generally, W can be determined to produce a definite 
amount of SNG per year from CCHG. For instance, Table 6 
indicates that 1.2 Nm3 CH4 can be generated from 1 kg coal 
in CCHG. Accordingly, to produce 2 billion cubic CH4 from 
CCHG per year, 5400 t/d coal should be handled. Based 
on the determined W, the u and r can be determined with 
varying N (2–5). Meanwhile, the value of H can also be 
ascertained according to Eqs. (26)–(28).

3. Bed expanding height
(Babu et  al. 1978) proposed an equation taking into 

account high-pressure expansion data shown as follows:

wherein, Hmf is the bed expanding height at the minimum 
fluidization velocity, m; ρp is the coal particle density, kg/
m3; t is the residence time of coal particle, h; �mf is the bed 
voidage at the minimum fluidization velocity; Remf is the 
Reynolds number at the minimum fluidization velocity.

Figure 20 presents the calculating results for scaling-up 
of CCHG in a fluidized bed using Eqs. (23)–(28). It can 
be seen that with the increase of D, the capacity of the flu-
idized bed increases at the precondition that the values of 

(25)W =
2u�D2

4 × 22.4r

(26)
H

Hmf

= 1 +
1.957(u − umf)

0.738d1.006
p

�0.376
p

u
0.937
mf

�0.126
g

(27)Hmf =
4W × t

3.14 × 1000D2�s(1 − �mf)

(28)�mf = Ar−0.21(18Remf + 0.36Re2
mf
)0.21

Table 8   The CCHG conditions and restrictions for scaling-up of 
CCHG in a fluidized bed

Conditions
Gasifying agent H2

Reaction temperature T 850 °C
System pressure P 3.0 MPa
H2 viscosity μg 0.0000212 Pa·s
H2 density ρg 0.64 kg/m3

Coal particle size dp 2 mm
Coal particle density ρs 1400 kg/m3

Particle residence time T 30 min
Bed inner diameter D 2.5, 3.0, 3.6 m
Restrictions
Fluidization number N 2–5
H2/coal mass ratio r 0.25–0.67
Dense-phase bed height H 2–5 D
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N, r, and H/D are located in the appropriate range of 2–5, 
0.25–0.67, and 2–5, respectively. For the diameter of 2.5 
m, the handling of 1800 t/d coal is capable as N, r, and 
H/D are well coupled (Fig. 20a). With increasing the capac-
ity to 2700 t/d, the value of H/D exceeds the range of 2–5 
(Fig. 20b), which might be inappropriate. Figure 20c and 

d show that the reactor diameter of 3.0 m can deal with 
2700 t/d coal, while unable to handle 5400 t/d coal due to 
the high H/D ratio. 3.6 m is the upper limit for designing 
the diameter of a fluidized bed reactor in practical applica-
tion, and this value makes the reactor capable of handling 
2700–5400 t/d coal, as shown in Fig. 20e and f. This result 
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might be striking because it means that 2 billion cubic SNG 
can be produced in one gasifier dealing with 5400 t/d coal.

Tracing back to the coal-to-SNG technologies in 
Table 1, CCG and CCHG have attracted wide attention 
in recent years because of their high thermal efficiency, 
high CH4 yield, and short process. In the commercial 
coal-to-SNG process, the production of 2 billion cubic 
SNG /year is the minimum limit, which requires 12 fluid-
ized bed gasifiers (2 gasifiers for standby) for CCG, and 
5 fluidized bed gasifiers for CCHG with 2 gasifiers for 
generating SNG (1 gasifier for standby) and 3 gasifiers 
for supplying H2 (1 gasifier for standby). The much fewer 
gasifiers needed for CCHG attributes to the fact that much 
more CH4 is produced from an equal amount of coal as 
compared to CHG, which exhibits a great perspective for 
the investment of facilities. If demonstrated, CCHG in 
a pressurized fluidized bed with pulverized coal as the 
raw material has the potential to act as a complement for 
the mature two-stage gasification (Lurgi technology) with 
lump coal as the raw material.

5 � Opportunities and strategic approaches 
for CCHG

5.1 � Opportunities

While there are numerous pressures with the utilization 
of fossil fuels in the context of carbon neutralizing, there 
exist many opportunities for innovative gasification tech-
nologies that are clean, thermally efficient, and able to 
reduce the environmental impact. Of the existing coal-
to-SNG technologies, the release of CO2 in the CCHG 
process is estimated to be 1.71 kg/Nm3 CH4, much lower 
than that of commercialized Lurgi technology (4.03 kg/
Nm3 CH4) and demonstrated CCG technology (3.22 kg/
Nm3 CH4) from a reaction point of view (Chen et  al. 
2017). Moreover, CCHG, with a higher efficiency of up 
to 81.8%, may have an additional contribution to reduc-
ing greenhouse gas emissions. From an environmental 
perspective, CCHG generates little nitrogen/sulfur-con-
taining pollutants in gaseous products, and thus, applying 
CCHG for SNG production might minimize the damage 
to nature.

The conventional Lurgi process generates large amounts 
of ash and waste exposed in products other than gases, 
needing further disposal (Yang et al. 2017). When the 
SNG production process is done with CCHG, the solid 
and liquid products can be used as resources. For instance, 
there remains 8.7 wt% carbon unable to be converted in 
the CCHG process (Table 6), and detailed analysis of the 
remaining carbon reveals that it is characterized by large 

amounts of reactive sites and dominated mesoporous 
structure with a high surface area of 409 m2/g after recov-
ering of the catalyst (Qu et al. 2019). These properties 
make it possible to be used as a profound raw material, 
catalyst, or carrier in the field of tar upgrading (Chen et al. 
2020), flue gas desulfurization (Song et al. 2017), cata-
lytic graphitization (Liu et al. 2013), CO/CO2 methana-
tion (Ipsakis et al. 2021), microwave absorbents (Liang 
et al. 2022), et al. In terms of liquid products, CCHG is 
able to produce 3.36 wt% HCL as a byproduct (Table 6), 
and it can be used as valuable chemicals. In addition, the 
dissolved NH3 in the water product (Sect. 4.2) can also 
be resourced. It can be estimated that CCHG generates 
~ 66,000 tons of HCL and ~ 16,478 tons of NH3 along with 
2 billion cubic SNG per year in one fluidized bed gasifier, 
which may be an important aspect making the economy of 
the process favorable.

5.2 � Strategic approaches

The investment of CCHG strongly depends on the availabil-
ity of low-cost hydrogen. Coal gasification is the mature H2 
production process in China and other countries mainly rely-
ing on imported natural gas, which generates a large amount 
of CO2 (~ 1 kg CO2/Nm3 H2) (Jin et al. 2022). It is notewor-
thy that today, partly H2 can be obtained from renewable 
sources, including biomass, wind, and solar (Bargiacchi 
et al. 2021; Valizadeh et al. 2022; Lu et al. 2023; Ghodke 
et al. 2023). Renewable energy-initiated electrolysis has a 
modest effect on the environment, and the CO2 emission is 
below 0.18 kg CO2/Nm3 H2 (Tosti et al. 2016), much lower 
than that of the coal gasification-to-H2 process. (Glenk and 
Reichelstein 2019) established a model and predicted that 
in the next ten years, the power to gas technologies would 
produce renewable H2 with costs competitive to the gasi-
fication process. The model also predicted that the policy 
incentives could make renewable H2 more economical in 
places like Texas and Germany. In this regard, the renew-
able H2 acts as an intermediate “energy vector” for CH4, and 
CCHG produces SNG with an extremely low CO2 emission 
of ~ 0.4 kg CO2/Nm3 CH4. As a result, CCHG-based SNG is 
not only an attractive, versatile energy carrier for coal, but 
also stores surplus power from renewables in off-peak hours, 
which promotes the penetration of renewables and fossils in 
future energy systems.

Figure 21 presents a schematic description of the future 
possibilities of CCHG technology. The “green” H2 gener-
ated through renewable energies is an important medium for 
hydrogenating carbonaceous resources, including coal, bio-
mass, CO2, etc. By the approach of CCHG, the carbonaceous 
resources can be converted into useful chemicals and materi-
als such as SNG, synthesis gas, NH3, HCL, and activated car-
bon with mesoporous structure. The recovered catalyst and 
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condensed water can be recycled for impregnation and elec-
trolysis. Herein, it is noteworthy that anticipated by the global 
urgent for reducing CO2 emissions and the market need for 
SNG in Asian and EU countries, the CCHG technology is not 
only a service for merely one carbonaceous resource, but may 
be able to deal with multi-carbonaceous resources, such as 
co-CCHG of coal and biomass, co-CCHG of coal and CO2, 
et al. To date, the catalytic hydrogenation of individual coal, 
biomass, or CO2 has already been studied (Zhou et al. 2020; 
Wang et al. 2022). Whereas, few researches, to the best of 
our knowledge, have provided an analysis on the coupled 
CCHG of coal and biomass, or coal and CO2, with H2 as the 
gasifying agent. It may be meaningful to gain some insights 
into this issue because implementing renewables and the pen-
etration of CO2 utilization in coal catalytic hydrogasifica-
tion helps mitigate carbon emissions in the context of SNG 
production. To this end, our group investigated co-catalytic 
hydrogenation of coal and biomass/CO2 in a pressurized flu-
idized bed very recently (Yan et al. 2021; Feng et al. 2022), 
and preliminary results are shown in Figs. 22 and 23.

5.2.1 � Co‑CCHG of coal and biomass

Biomass is a carbon–neutral feedstock with high reactiv-
ity, and it can be hydrogasified without adding a catalyst 
(Tian et al. 2021). We preliminarily conducted biomass 
hydrogasification and co-CCHG of biomass and coal in a 
fluidized bed, and the experimental details are presented in 
Methodology S2. As shown in Fig. 22, biomass hydrogasi-
fication achieves a high conversion of 90.1% and generates 
a considerable amount of CO (27.5%), SNG (30.6%), and tar 
(3.88%). Despite the profound results, the large-scale hydro-
gasification of biomass is impractical due to the low energy 
density and the restricted seasonal availability. In this regard, 

co-CCHG of coal and biomass provides a strategy for clean 
and efficient utilization of fossil fuel and renewable energy.

As shown in Fig. 22a, the penetration of 20 wt%–30 wt% 
biomass into CCHG yields comparable results with coal 
catalytic hydrogasification. The results in Fig. 22b show 
that adding 20 wt%–30 wt% biomass into CCHG greatly 
decreases the generation of byproducts, including CO 
and CO2, reaffirming co-CCHG is a low-carbon-emission 
process. Detailed analysis of CH4 formation behavior in 
Fig. 22c and d reveals that biomass promotes coal catalytic 
hydrogasification remarkably. Especially at the addition of 
30%, the maximum CH4 formation rate for the experimen-
tal result is 1.94 times that of the linear result, indicating 
an intensive interaction between biomass and catalyst-con-
taining coal during co-CCHG. The promoting effect might 
be attributed to the role of alkali & alkaline earth metals in 
biomass or the transferring of large quantities of radicals 
with low molecules from biomass to coal (Ellis et al. 2015; 
He et al. 2021; Wang et al. 2021; Wu et al. 2021). Further 
researches are needed to elaborate the interaction mecha-
nism clearly, which will help provide theory guidance for 
the design of specimens and enhance the CCHG process by 
adopting a cheap and disposable Fe-Ca catalyst.

5.2.2 � Co‑catalytic hydrogenation of coal and CO2

The transformation of CO2 to valuable chemicals such as 
CO and CH4 using renewable H2 has proven to be an emerg-
ing solution to mitigate climate change and global warming 
(Saeidi et al. 2021). The in-depth research on this process is 
consistent with the European policy with the target of reduc-
ing 80% of greenhouse gas emissions compared to 1990 lev-
els by 2050 (Ipsakis et al. 2021), Chinese policy to peak 
greenhouse gas emissions by 2030 and reach carbon–neutral 

Fig. 21   Technology routes for 
future perspectives of CCHG
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by 2060 (Xie 2021), respectively. It is worth mentioning 
that in CO2 utilization, a hydrogen-rich condition is needed, 
and expensive supported catalysts with the configuration of 
complicated physicochemical structures are required (Saeidi 
et al. 2021). In addition, restricted by the thermal equilib-
rium of CO2 methanation, the reaction temperature should 
not surpass 350 °C to achieve a considerable yield of CH4, 
which results in a low kinetic process and low CO2 utiliza-
tion capacity (generally less than 5.9 LCO2

∕h gcat ) (Lee et al. 
2021; Shao et al. 2021).

To promote CO2 utilization efficiency economically, 
attaining a high conversion rate of CO2 in a short gas resi-
dence time with the use of recyclable and non-noble met-
als is desired. To this end, developing a coupled process 

combining CO2 catalytic hydrogenation and coal catalytic 
hydrogasification in one fluidized bed reactor could be a 
solution. Wherein, the hydrogen-rich atmosphere endows 
CO2 hydrogenation, the relatively high temperature and pres-
sure accelerate the CO2 conversion rate, and the impregnated 
Fe/Co/Ni-Ca not only acts as the catalyst for coal hydro-
gasification, but might also promote CO2 hydrogenation and 
methanation as the in-situ generated catalyst containing char 
is rich in mesopore structures and active sites. If this inte-
grated process simultaneously realized a high conversion 
of coal and CO2 in one pressurized fluidized bed under the 
same reaction condition, the CH4 yield and H2 utilization 
efficiency could be boosted greatly, along with the reduced 
capital investment, operation cost, and energy consumption.
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Fig. 22   Experimental results for co-CCHG of FG bituminous coal 
and biomass (corn stalks, CS) in a fluidized bed (reaction condition: 
850 °C, 3 MPa H2) a Product distribution b The calculated and exper-

imental yields of CO and CO2 with blending different fraction of bio-
mass c CH4 formation rate with adding 20% biomass d CH4 forma-
tion rate with adding 30% biomass
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Our group has conducted a pioneering study to integrate 
coal catalytic hydrogasification and CO2 catalytic hydro-
genation in a fluidized bed (Additional file 1: Methodology 
S2). Part of the updated data is presented in Fig. 23. It can 
be seen that CH4 and CO are the main products with cou-
pling CCHG and CO2 hydrogenation (Fig. 23a). The catalyst 
evaluation results demonstrated that Co–Ca catalyst exerts 
superior activity from the aspects of carbon conversion of 
coal (92.4%) and CH4 yield (247%, calculated based on car-
bon in coal). Remarkably, the CH4 yield is much higher than 
that of CCHG in pure H2 (77.3% in Table 6), suggesting that 
in the CCHG-to-SNG process, coal resource can be partly 
substituted by CO2, because CO2 catalytic methanation con-
tributes to a high share of CH4 (more than 50%) when it is 
coupled with coal catalytic hydrogasification.

Figure 23c shows that Co–Ca catalyzed hydrogenation 
of coal and CO2 proceeds to a steady state at 60–80 min, 

wherein carbon conversion of coal reaches 92.4%, and CO2 
is the only carbon resource converted to CO and CH4 with 
the Co–Ca containing char residue acting as the catalyst. 
Detailed results in Fig. 23d reveal that Co–Ca containing 
char possesses profound activity towards CO2 methanation 
with CO2 conversion and CH4 yield respectively achieved 
to be 77.8% and 34.5%, which approaches the equilibrium 
results (79.2% for CO2 conversion and 36.2% for CH4 yield). 
Therefore, although a high temperature is adverse to the 
methanation of CO2, the CO2 conversion rate can be greatly 
accelerated, making the required residence time for achiev-
ing a considerable CO2 conversion well coupled with the 
short gas residence time of ~ 4 s for CCHG in a pressurized 
fluidized bed. Especially in the presence of Co–Ca contain-
ing char as the superior catalyst, the methanation of CO2 
reaches equilibrium in the gaseous residence time of ~ 4 s, 
ensuring that large quantities of CO2 can be dealt with to 

Fig. 23   Co-catalytic hydrogenation characteristics of FG bituminous 
coal and CO2 in a pressurized fluidized bed (reaction condition: Fe/
Co/Ni–Ca catalyst, 850  °C, 3  MPa, 80%H2–20%CO2 with H2 flow 
rate 12 L(STP)/min and CO2 flow rate 3 L(STP)/min) a Carbon bal-

ance of the reaction system b Product yields on the basis of carbon in 
coal c Main gaseous product formation behavior d The yield of CO 
and CH4 form CO2 catalytic hydrogenation (‘Blank’ refers to CO2 
hydrogenation without the existence of catalyst)
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generate SNG when CO2 catalytic hydrogenation is inte-
grated with coal catalytic hydrogasification in a pressurized 
fluidized bed. According to the preliminary experimental 
results, it can be calculated that the CO2 utilization capacity 
is 17.7 LCO2

∕h gcat , while the CO2-based CH4 space–time 
yield is 7.6 LCH4

∕h gcat , far surpassing the reported results 
for catalysis of CO2 methanation as summarized in Addi-
tional file 1: Table S1.

Herein, it is noteworthy that the capacity of dealing 
17.7 LCO2

∕h gcat is subversive in the progress of CCHG when 
considering scaling up. As estimated in Sect. 4.5, 5400 t/d 
coal can be progressed to produce 2 billion cubic SNG/year, 
wherein 8.7% char residue acts as the catalyst for CO2 hydro-
genation. On this basis, it is calculated that ~ 5.5 million tons 
of CO2 can be dealt with, amounting to 0.015% and 0.048% 
of the total CO2 emission in 2022 of the world and China, 
respectively. This result is striking because approximately 
8.8% of CO2 can be neutralized in China by applying the 
technology of CCHG to produce 366 billion cubic SNG/year 
(SNG consumption in 2022). Therefore, the coupling of coal 
catalytic hydrogasification and CO2 catalytic hydrogenation 
in a pressurized fluidized bed provided a novel strategy for 
SNG production in the context of green manufacturing. 
Further researches are deserved to investigate the detailed 
mechanism of catalyst-containing char on CO2 methanation 
under CCHG conditions, and also, the acting behavior of 
CO2 hydrogenation on coal catalytic hydrogasification can 
be explored. A clear elaboration of these issues will provide 

theory guidance for designing reaction conditions and tailor-
ing product distribution in a practical continuous-fed fluid-
ized bed.

Table 9 summarizes the existing approaches for manu-
facturing CH4 from CH4 production, H2 consumption, and 
CO2 emission perspectives. The detailed calculation proce-
dures for the data and stoichiometric reactions are given in 
Additional file 1: Methodology S1 and Table S3 of support 
information, respectively. The results show that CCHG, Co-
CCHG of coal and Biomass, and Co-CCHG of coal and 
CO2 are emerging approaches for boosting CH4 production 
with fewer coal consumptions and CO2 emissions, which 
shows advantages over mature TSG and CCG technologies. 
Herein, it is interesting to find that biomass hydrogasifica-
tion is a carbon-sinking process with CH4 as the end of the 
carbon trajectory; whereas, CH4 production from CS hydro-
gasification is unsatisfied. Therefore, the coupling of CS 
hydrogasification and CCHG might be preferred because 
the penetration of biomass not only generates additional 
CH4, but also mitigates CO2 emission. Herein, it should be 
noted that the calculations in Table 9 are based on the sup-
ply of ‘grey’ H2 (generated from coal gasification), which 
releases large quantities of CO2 (11 kg CO2/kg H2). Once 
the ‘green’ H2-based technologies from biomass pyrolysis/
gasification or wind/solar-induced water electrolysis were 
matured, CO2 emissions would be decreased drastically, 
especially for Co-CCHG of coal and CO2 and CO2 catalytic 
methanation technologies.

Table 9   Evaluation of the 
production capacity, H2 
consumption, and CO2 
emissions for CH4 production

a TSG, CCG, and CHG data are adopted from Table 1; FG coal in Table 6 is used for CCHG calculations; 
Corn stalks in Fig. 22 is used for biomass hydrogasification calculations, and its proximate and ultimate 
results are given in Table S2;
b Dry basis;
c The unit herein is Nm3/kg Biomass;
d The unit herein is Nm3/kg CO2;
e H2 consumption was calculated from the stoichiometric reactions in Methodology S1;
f CO2 emission was calculated from the stoichiometric reactions in Methodology S1;
g The blending amount of biomass is 30 wt%;
h The H2: CO2 molar ratio is 4:1

Technologya CH4 production (Nm3/
kg coalb)

H2 consumptione (mol/
mol CH4)

CO2 emissionf 
(g/mol CH4)

TSG 0.32 – 72.64
CCG​ 0.52 – 44.84
CHG 0.55 1.50 36.00
CCHG 1.07 1.67 38.25
Co-CCHG of coal and biomassg 1.38 1.67 26.37
Co-CCHG of coal and CO2

h 3.5 4.85 12.75
Biomass hydrogasification 0.31c 0.99 –83.66
CO2 catalytic methanationh 0.17d 5.32 15.10
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6 � Conclusions and outlooks

Among the existing coal-to-SNG technologies, coal cata-
lytic hydrogasification seems promising due to a high CH4 
yield, high thermal efficiency, and low emissions. In addition 
to CH4, other gas–liquid-char products such as ammonia, 
HCL, and activated carbon can also be resourced as valu-
able chemicals and materials. In the past decade, pioneer 
researches have well performed with a focus on the design 
of catalyst, the catalysis process of model carbon/coal hydro-
gasification, and the effect of experimental variables. This 
paper reviews the above topics systemically, and the critical 
issues concerning process analysis, opportunities, and stra-
tegic approaches for CCHG under the constraint of carbon 
neutrality are also discussed preliminarily. The main conclu-
sions and future directions are as follows:

(1)	 The binary catalysts composed of 1%–5% Fe/Co/Ni and 
1%Ca show profound activity toward model carbon/
coal hydrogasification. The iron group metals supply 
active hydrogen (H·) and impair C–C bonds for coal-H2 
reaction, while the calcium compounds promote Fe/Co/
Ni distribution, retard Fe/Co/Ni poisoning, and medi-
ate Fe/Co/Ni-C interaction to initiate the Cat-DH effect 
during pyrolysis and catalytic hydrogenation of graph-
ite carbon (rate determining step) during gasification. 
The prior findings are meaningful for understanding 
the macro reaction characteristics, but remain kind of 
superficial. Comprehensive insights about the active 
center and the detailed interaction between CaO and 
Fe/Co/Ni–C structure during hydropyrolysis and hydro-
gasification are paramount for catalyst design and prod-
uct tailoring. Accordingly, the in-situ characterization 
techniques (XRD, TEM, X-ray absorption) and DFT 
calculations should be employed to reveal the catalysis 
process on a molecule scale.

(2)	 The elevation of temperature and H2 pressure under 
600–900 °C and 0.1–8 MPa generally promotes coal 
conversion and CH4 yield, wherein CCHG is dynami-
cally controlled. CCHG can be suited to coals with high 
ash content/caking propensity/high rank/sulfur content 
properties. The findings provide strategies for medi-
ating the reaction process, such as step-wise hydro-
genation to boost CH4 and HCL yield simultaneously, 
blending low-rank coals to suppress agglomeration 
and promote overall reactivity, and mechanically mix-
ing CaO/CaCO3 to fix H2S and accelerate CH4 forma-
tion. A universal instinct reaction kinetics for catalytic 
hydropyrolysis and catalytic hydrogasification of coal 
with diverse properties should be further established to 
provide a basis for the precise design of a gasifier.

(3)	 The pressurized fluidized bed might be the suitable 
gasifier for CCHG from the viewpoint of millimeter/
micrometer-sized particles (< 5 mm), minute-level 
particle residence time, and high mass/heat transfer 
efficiency. In the presence of a superior Co–Ca cat-
alyst, it is estimated that 2 billion cubic SNG /year, 
along with ~ 66,000 tons HCL and ~ 16,478 tons NH3, 
can be produced in one gasifier with an inner diameter 
of 3.6 m and coal capacity of 5400 t/d. In addition, 
the CCHG process generates CH4 with a high ther-
mal efficiency of 81.8%, little NOx or SOx pollutants, 
and small CO2 emission (1.71 kg/Nm3 CH4), which 
exhibits a distinguishing advantage over the commer-
cialized Lurgi technology and the demonstrated CHG 
technology. Further researches should perform CCHG 
in a kilogram-fed continuous fluidized bed to deter-
mine the proper coupling parameters for reaction and 
fluidization, including N, r, and H/D. In addition, the 
mathematical model of reaction-transfer-fluidization 
for CCHG deserves to be established through the 
approach of CFD, which will be helpful for exploring 
the scaling-up characteristics of the fluidized bed gasi-
fier.

(4)	 There are numerous opportunities and strategic 
approaches for CCHG. Once the “green” H2 acts as 
an intermediate “energy vector” for CH4, the emission 
of CO2 in CCHG greatly reduces to ~ 0.4 kg CO2/Nm3 
CH4. In addition, the CCHG of coal can be integrated 
with biomass hydrogasification or CO2 hydrogenation, 
by which CCHG-to-SNG is strengthened, and fossil 
feedstock is partly substituted by renewable resources. 
Preliminary trials have proved that the coupled CCHG 
process is reliable in transforming biomass and CO2 
into valuable fuels and chemicals, which would be 
helpful to circulate carbon in order to diminish the 
greenhouse effect. Especially for co-catalytic hydrogen-
ation of coal and CO2, the CO2 capacity and CO2-based 
CH4 space–time yield amounts to 17.7 LCO2

∕h gcat 
and 7.6 LCH4

∕h gcat , respectively, far surpassing the 
reported results for catalysis of CO2 methanation in the 
literature. As a future work, the interaction mechanism 
between biomass/CO2 hydrogenation and CCHG can 
be elaborated, and conducting a detailed process and 
economic analyses to establish an optimized configura-
tion of the integrated process.

The outcomes of this paper can lay the theory founda-
tion, provide basic data, and create incentives for further 
researches about designing efficient catalysts and con-
figuring reaction processes for converting carbonaceous 
resources such as coal, biomass, CO2, wastes et  al. to 
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value-added products environmentally and efficiently. The 
bottleneck problem for commercializing CCHG might be 
the design of efficient and recyclable catalysts. In terms of 
the expensive Co-based catalyst, how to recover Co from 
CCHG completely and cycle Co in CCHG with little activ-
ity loss is urgent to be addressed. When considering the 
in-expensive Fe-based catalyst, developing a modulated 
process for enhancing Fe activity towards the C–H2 reac-
tion will be of significance.
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