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Abstract

Coal consumption leads to over 15 billion tons of global CO2 emissions annually, which will continue at a
considerable intensity in the foreseeable future. To remove the huge amount of CO2, a practically feasible way of
direct carbon mitigation, instead of capturing that from dilute tail gases, should be developed; as intended, we
developed two innovative supporting technologies, of which the status, strengths, applications, and perspective are
discussed in this paper. One is supercritical water gasification-based coal/biomass utilization technology, which
orderly converts chemical energy of coal and low-grade heat into hydrogen energy, and can achieve poly-
generation of steam, heat, hydrogen, power, pure CO2, and minerals. The other one is the renewables-powered
CO2 reduction techniques, which uses CO2 as the resource for carbon-based fuel production. When combining the
above two technical loops, one can achieve a full resource utilization and zero CO2 emission, making it a practically
feasible way for China and global countries to achieve carbon neutrality while creating substantial domestic
benefits of economic growth, competitiveness, well-beings, and new industries.
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1 Introduction
The extensive consumption of fossil fuels, deforestation
and other forms of anthropogenic activities are leading
to an increase of greenhouse gas concentration in the at-
mosphere, causing approximately 1.0 °C of global warm-
ing above pre-industrial levels [1, 2]. The consequently
severe weather and natural disasters, as well as environ-
mental pollutions, are threatening human’s survival.
Meanwhile, the increasing energy demand and limited
fossil fuel supply are exacerbating energy security issues
as well as geopolitical instabilities. To tackle the climate
crisis and construct a low-carbon sustainable society,

participating countries in the Paris Climate Summit held
in 2015 (COP21 climate change summit) declared an
agreement on holding the global average temperature in-
crease well below 2 °C, preferably to 1.5 °C within this
century. More than 120 countries have successively pro-
posed their carbon neutral plans: the major industrial-
ized countries, most European Union countries, the US,
etc., aim to achieve the target mostly by 2050 [3, 4];
China is the leading developing country striving to the
carbon mitigation, pledging to reach carbon peak before
2030 and achieve carbon neutralization by 2060 [5]. The
decarbonization plan would bring profound benefits to
the environmental sustainability [6, 7], air quality [8–11],
and human’s health; however, the related social impacts
and technical constraints pose challenges to the rapid
transition towards a carbon-neutral society from a fossil-
based industrial and economic system [7, 12, 13].
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At present, six greenhouse gases need to be carefully
regulated, including carbon dioxide (CO2), methane, ni-
trous oxide, hydrofluorocarbons, perfluorocarbons, and
sulfur hexafluoride. Significantly, CO2 is the largest por-
tion of greenhouse emissions. The PBL greenhouse
emission report shows that in 2020 the proportion of
CO2 and methane in global greenhouse gas emissions is
73% and 19%, respectively [14]. The proportion of ni-
trous oxide is 5%, and the others accounts for 3%. Ac-
cording to British Petroleum (BP) statistics
(PETROLEUM–BP 2020), global carbon emission has
increased by 40% from 2000 to 2019. In 2019, the global
carbon emissions reached 34.36 billion tons, which is
the highest point in history. Due to the impact of
COVID-19, in 2020, global carbon emissions dropped by
6.3% to 32.28 billion tons. Specifically, in 2020, China’s
carbon emissions reached 9.899 billion tons, which con-
sists mainly of (I) production and supply of electric
power, steam, and hot water, (II) smelting and pressing
of ferrous metals, (III) nonmetal mineral products, (IV)
transportation, storage, post and telecommunication ser-
vices, and others. Among them, the energy consumption
within industrial production accounts for the main part
of carbon emission.
According to the International Energy Agency (IEA),

the CO2 emissions from coal account for 44% and 79.5%
of total emission, globally and in China, respectively.
Some countries have been intended to phase down coal
utilization as their concrete plans, as widely discussed in
[15–19]; however, it is not a practically feasible option in
China from near-term perspective: among the total coal
consumption in China, nearly 51% of coal is used in
coal-fired plants, generating over 70% of annual electri-
city, which is impossible to be suddenly substituted with
the intermittent and random renewable power from en-
ergy security consideration [12, 20, 21]; the other 49% of
coal is consumed mostly for heating or used as resources
in industrial sectors, which could only be changed if
there are economically feasible non-fossil substances that
can be widely used as alternatives (but it seems impos-
sible at present) [20, 22]. Even that carbon capture and
storage (CCS) techniques seem to be a promising way to
remove those fossil carbon mitigation, they are seldom
deployed in an expected scale due to the lower-than-
desired efficiency [23], as well as causing obvious energy
efficiency loss and extra expenses. The dilemma of the
huge amount of CO2 emission from fossil consumption
and increasing demands of energy in the economic de-
velopment requires a widespread and urgent transform-
ation and innovations in the energy-related industry.
From the perspective of energy and resource

utilization, current fossil consumption systems behave in
a disordered manner: the mismatch between energy con-
version and material transformation leads to high energy

dissipation and material dispersion. This can be exempli-
fied through the coal-fired energy utilization system: the
chemical energy of coal is converted into thermal energy
through coal combustion with air, then the heated water
steam goes through turbines and pushes power gener-
ator for electricity production; the multiple heat transfer
processes cause considerable heat dissipation and effi-
ciency decreases, and the thermal-mechanical conver-
sion governed by Carnot Cycle further leads to huge
energy wastes [24]; besides, the collocated chemical ele-
ments in coal and air are converted into dispersed prod-
ucts, such as CO2, nitrogen oxide (NOx), sulfur oxide
(SOx), particulate matters (PM), harmful organics, heavy
metals, and minerals [25–28], either the gathering or
purification requires huge energy consumption, and in-
evitably leads to the energy loss and a waste of re-
sources, particularly the CO2 and pollutant emissions.
The present paper discussed the philosophy and pro-

gress of direct carbon mitigation approaches, which is
the research focus of the authors’ group in State Key La-
boratory of Multiphase Flow in Power Engineering
(SKLMFPE). Within such approaches, the fossil re-
sources can be efficiently and orderly conversed, while
the CO2 can be naturally gathered as resources for re-
newable fuel production, leading to a carbon-neutral fos-
sil utilization system. This article hereafter is organized
as follows: Section 2 gives the landscape of the fossil-
based carbon-neutral system; Section 3 and 4 discuss
two concrete technological innovations developed in
SKLMFPE, the supercritical water gasification (SCWG)
technology for coal utilization and renewables-power
fuel production techniques via CO2 reduction reaction
(CO2RR), respectively; Section 5 presents the perspective
of the above approaches; at last, some conclusions are
drawn in Section 6.

2 Coal-based carbon-neutral system by ordered
energy conversion and full resource utilization
To eliminate the huge CO2 emission from fossil-based en-
ergy production, an innovative coal (or other carbon-
containing sources, such as biomass and oil) utilization tech-
nology based on supercritical water gasification is developed
in SKLMFPE, as shown in Fig. 1. The carbon-based resource
is gasified in a reductive supercritical water (SCW) atmos-
phere into H2 and CO2 as well as minerals (slag).
According to the end-use demands, the poly-

generation can be achieved: (1) for hydrogen production,
gas products can be further separated for purified hydro-
gen in a low energy consumption way; (2) for heat (or
power) generation, part of (or all) hydrogen can be oxi-
dized in a mild environment, generating steam for heat-
ing (or pushing steam turbines); (3) combining the
above two methods for hydrogen-heat-electricity pro-
duction. Once combined with the CO2RR process, the
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CO2 produced in the above SCWG-based poly-
generation processes, which is naturally in a gathered
and high-purity state, can be easily utilized for carbon-
based fuel production, leading to direct carbon mitiga-
tion of fossil utilization. Apart from gas products, the ni-
trogen, sulfur, metal elements and various minerals in
coal can be gradually purified and deposited in the form
of slag with the conversion of coal. The solid slags can
be used as building materials, while the metal elements
can be further purified and used as metallic resources.
Based on the above techniques, an ideal fossil utilization
system is constructed: all the resources are fully used
without waste generation and CO2 emission.
In view of energy conversion, the overall SCWG-based

thermal processes keep in a mild temperature (generally
lower than 700 °C), having a much less exergy loss than
the traditional coal combustion process. Besides, the re-
heat of steam is finished in an in-situ state with hydro-
gen oxidation, avoiding the energy loss due to indirect
heat transfer between different parts of the heat exchan-
ger. The energy utilization system thus has an over-
whelming advantage in extremely high energy efficiency,
as will be discussed later. From long-term consideration,
the sustainable and green energy supply is a necessary
solution, but the randomness and intermittence of

carbon-free energy (e.g., solar, wind and geothermal) re-
stricted the further deployment; such bottleneck is ef-
fectively released through renewables-powered CO2RR
process, which converts the unstable renewable energy
into chemical energy of carbon-based fuels. The overall
energy conversion system behaves in an ordered way,
and works towards maximum efficiency and the practic-
ally feasible transition to sustainable energy.

3 Poly-generation based on SCWG of coal:
innovational coal utilization, and large-scale and
low-cost hydrogen and electricity production
Coal will still play a dominant role in ensuring the stability
of electrical grid as well as serving as resources in end-use
sectors in a long period [22, 29]. The combustion-based
utilization mode leads to high energy consumption, heavy
pollutions (e.g., SOx, NOx, and PM), and enormous CO2

emissions [27, 30, 31]; and it brings challenges to human’s
health, environmental sustainability, and global ecosystem
[32]. Reducing carbon emission in coal conversion is the
major carbon mitigation task towards carbon neutralization.
This section introduces a novel coal utilization technology
based on supercritical water gasification (SCWG), which
converts the chemical energy of coal and the low-grade heat
to high-purity hydrogen [33–35] and produces high-purity

Fig. 1 Schematic of carbon-neutral system based on SCWG-based poly-generation and renewables-powered CO2RR technique
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CO2 for carbon-based fuel production. This process elimi-
nates pollutant generation in combustion processes [33–36],
and achieves zero CO2 emission through combining with
renewable-powered CO2 techniques. The mechanism, sta-
tus, challenges, and technological breakthroughs of SCWG
are introduced in this section; as intended, we discuss the
possibilities in achieving poly-generations as well as
strengths in realizing direct carbon mitigation compared to
coal combustion.

3.1 Principles of supercritical water gasification
In 1978, Modell first reported the phenomenon that
high heating value gaseous products can be obtained
from organic solids and liquids via supercritical water
treatments [37], known as supercritical water gasification
(SCWG). Since then, SCWG has been extensively stud-
ied around the world, as discussed in [38–46]. Different
from the traditional combustion/gasification process,
SCWG uses supercritical water (SCW, with temperature
greater than 374.15 °C and pressure greater than 22.1
MPa) as the reaction medium, and the chemical energy
of organic matters can be effectively converted into H2-
rich gas mixtures in a state that can be easily captured
[47]. Ge et al. [48] studied the coal gasification charac-
teristic, and achieved the complete gasification of or-
ganic compounds (oxy-hydrocarbons) in coal in a micro
batch reactor at 700 °C, while the inorganic components
(pure ash in the original state) are left as slag. This
process can be represented by

Coalþ H2O →
P ≥22:1MPa; T ≥ 374°C

H2 þ CO2 þ Ashpure:

Compared with coal combustion, SCWG of coal has
several major differences: 1) the SCWG process under-
goes in a relatively low operating parameter (less than
700 °C), which ensures a safer plant operation and en-
ables a possibly lower capital cost; 2) coal is treated in a
reductive SCW atmosphere, eliminating the generation
of SOx, NOx, and other harmful substances; 3) the CO2

is generated in a high pressure state, which can be nat-
urally collected without extra carbon capture processes,
and is valuable resource instead of greenhouse gas emis-
sion. Apart from the above advantages, SCWG is attract-
ive in fast chemical reaction performance and high
energy transformation efficiency, which are decisional
towards industrial application and are discussed in this
subsection.

3.1.1 Transport properties and reactant behavior of SCW
The transport properties of water change drastically as
the temperature increases (as shown in Fig. 2), behaving
both like liquids and steams: the density of water de-
creases dramatically across the critical point, but it is
still two orders of magnitude higher than that of steam,

showing advantages of high reactant concentration; be-
sides, the gas-like low viscosity significantly improves
the diffusivity of water, and reduces the mass transfer re-
sistances during the reaction processes.
Owing to the above features, SCW is regarded as an

ideal reaction medium for conversion of coal, biomass,
and organic wastes [50–53]. When water is heated to
supercritical state, the breakdown of hydrogen bonds
among water molecules due to the decreased density
leads to the dramatic decrease of dielectric constant
[47], making SCW an reliable solvent for nonpolar or-
ganics. Additionally, the decrease of the ion product fur-
ther triggers the free-radical reactions, promoting the
efficient conversion of coal particles into gaseous prod-
ucts [54].

3.1.2 Reaction mechanism and optimization of SCWG
During the coal gasification process, many intermediates
are generated: part of intermediates are directly decom-
posed into small gaseous fragments through hydrolysis
reaction; while, other large fragments of aromatics which
contains strong bonding energy are converted into H2

and CO2 through heterogeneous reactions [55]. Sun
et al. [56] systematically studied the pathway of SCWG
(as shown in Fig. 3), and found that the graphite-like
structure, i.e., polycyclic aromatic hydrocarbons (PAH)
generated during the heating process, is stable in SCW;
thus, the gasification of PAH is the rate-controlling step
to achieve the complete coal gasification in SCW. To
overcome the reaction barrier, Liu et al. [57], Zhu et al.
[55], and Sun et al. [56] further studied various homoge-
neous catalysts, and found that K2CO3 is effective in
promoting the coal hydrolysis and aromatics decompos-
ition, and in suppressing the graphite-like PAHs’ pro-
duction [56].
To reveal the mechanism of catalytic reaction, Wang

et al. [58] studied the mechanism of carbon-water reac-
tion using theoretical approaches, and concluded that:
the alkali can strengthen the strong-chemical adsorption
of water on carbon structure, thus can inhibit the
polymerization between aromatics. Furthermore, several
experimental studies have confirmed that the addition of
alkali, especially K2CO3, can effectively enhance the gas-
ification efficiency of coal, as discussed in Ref. [55, 57,
59–63].

3.2 Key engineering techniques for SCWG
Apart from the chemical reaction kinetics, the inter-
phase heat and mass transfers are other factors affecting
the reaction equilibrium towards efficient hydrogen pro-
duction [64, 65]. Many efforts have been made to get en-
hanced interphase interaction in the past decades, and
various reactors has been developed. Generally, the reac-
tors can be classified into batch reactors [66–68] and
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continuous reactors [69–71]. The improper matching of
chemical reaction and interphase heat or mass transfer
in batch reactors exacerbates the side reactions and leads
to an incomplete gasification, as presented in Ref. [37,
72–79].
For better reaction performance, the authors’ group

developed various continuous reactors, as shown in Fig.
4. In tubular reactors, the homogeneous feedstocks (e.g.,
glucose, glycerol, and organic wastewater) can effectively
gasified; however, the mismatch of flow direction and
gravity leads to insufficient dispersing, and causes clog-
ging in solids processing, as shown in Fig. 4(a). Lu et al.
[80–82] studied the flow dynamics of mono-diameter

Geldart-B particles in supercritical water flows both ex-
perimentally and numerically [83–86], and proposed the
fluidization theories [82, 87–89]; subsequently, the
supercritical water fluidized bed reactor is developed
[90, 91] typically as shown in Fig. 4(b), within which the
feedstocks have a rapid contacting with fresh SCW thus
can be effectively transformed into gas products. The
newly developed thermally coupled reactor (in Fig. 4c)
further achieves the efficient energy supply to the endo-
thermic coal gasification regions from exothermic
hydrogen oxidation chambers [92].
Other breakthroughs have been made in developing

continuous coal slurry transporting and slug discharging

Fig. 2 Thermophysical and transport properties of supercritical water, based on NIST Database [49]

Fig. 3 Conversion mechanism of SCWG of Zhundong coal with K2CO3; 3 wt%, 17.19–25.95 MPa (residence time starts when heated to 750 °C). C
denoted solid products from the massive breakage of cross-linked bonds between aromatic structures, and from violent hydrolysis of coal with
K2CO3. D denoted the solid products from the decomposition of large aromatic structures in product C. Reprinted from [56]

Guo et al. Carbon Neutrality             (2022) 1:4 Page 5 of 22



system, both of which are multiphase transporting
process and are limited by the high operation parame-
ters (25MPa, 650 °C). Ren et al. and Ou et al. [95, 96]
studied the trans-critical injection characteristics of coal
slurries into SCWG reactors, and obtained the optimized
conditions for continuous coal slurry supply and disper-
sing. Based on that, we developed a multi-channel nozzle
with cooling device, and achieved the continuously feed-
ing of the coal slurry. Cheng et al. [97] studied the
pressure-driven particle-laden flows, and developed a
step-down pressure-driven slug discharging system
which can effectively remove the solid residues out of
reactor.
Based on the above-mentioned technological break-

throughs, an experimental demonstration plant with 5-
paralleled module is established to realize the efficient
gasification of coal under mild temperature [98], as
shown in Fig. 5. The typical gasification results from 72-
h continuously running are shown in Table 1, indicating
that coal can be effectively gasified into H2 and CO2,
with a yield of 1.55 Nm3 and 0.93 Nm3 per kilogram of
standard coal, respectively. In all the experimental stud-
ies, a variety of coals are tested, almost all of which can

be well treated in a wide range of coal parameters (such
as moistures, ash content, the ash melting point, etc.),
showing extremely well adaptabilities. Furthermore, Jin
et al. [63] reported that an equivalent gasification effi-
ciency performance can be achieved in a much lower
operating parameter (at 530 °C, 25MPa) with external
recycle system, making the SCWG more promising to-
wards industrial-scale application.
For treating other carbon-containing resources, our

group has achieved many progresses, such as in efficient
biomass gasification [70, 99], in effective removal of or-
ganics in wastes (e.g., sewage sludge [100, 101] and black
liquor [102, 103]), and in degradation of plastics [104,
105]. These processes can be further empowered with
renewables, for which we established a pilot-scale dem-
onstration project for SCWG of biomass coupled with
solar heating in Ningxia Hui Autonomous Region, China
(in Fig. 6) [106]. The designed feeding rate of the system
is 1.03 tons per hour, and the reacting unit can operate
at 800 °C and 40MPa. For the heating system, a max-
imum power of 163 kW can be achieved by concentrated
solar heating, and the thermal efficiency of the reactor
reaches 73.1%.

Fig. 4 SCWG reactor: a tabular reactor; b fluidized-bed reactor; c thermally coupled reactor. Reprinted from [92–94], respectively

Fig. 5 Experimental demonstration plant in SKLMFPE with 5-paralleled module
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In continuous operation of the system, a typical testing
condition is carried out: the 5 wt.% corn cob slurry is
treated at a flow rate of 270 kg/h in the system, and the
solar radiation intensity is 776W/m2. The main gaseous
products consist of H2 and CO2, and the percentages
can reach 44.4% and 39.5%, respectively. All the energy
are from renewables in such system, and the feedstock
can be effectively gasified, proving the feasibility of the
system scaling-up and that SCWG can be possibly de-
ployed for treating a wide range of resources, in combin-
ation with renewables-powered heat supply [34].

3.3 SCWG-based poly-generation in industrial applications
The SCWG process provides a wide variety of products
including steam, heat, H2, CO2, and mineral slags; when
combined with end-use sectors, many possibilities can
be achieved in upgrading traditional energy industries,
as well as developing new industries (as indicated in
Fig. 7). According to the industrial demands, the hydro-
gen can either be used through mild oxidation for heat
and power generation, or directly used as fuel and chem-
ical resources; other products are naturally in a high-
pressure gathered state, thus can be easily used as valu-
able resources instead of wasting.
Towards industrial-scale applications of SCWG, many

on-going demonstrating projects are being conducted in
SKLMFPE. Herein, we introduce three representative in-
dustrial demonstration projects including the scenery for
poly-generation of hydrogen and heat, for power gener-
ation, and for power generation and ammonia
production.

3.3.1 Poly-generation for hydrogen and heat generation
Given the target of hydrogen and heat supply (widely
used in hydrofining and other industries), a hydrogen

production system is designed, as shown in Fig. 8. The
coal can be efficiently converted to hydrogen-rich gas in
the SCW reactor, and then hydrogen-rich products react
with oxygen moderately in the supercritical hydro-
oxidation reactor to generate mixed working medium
and heat. Subsequently, the mixed working medium ex-
changes heat with the high-pressure water, and the re-
sidual heat is recovered by the waste heat recovery
device for the heating or the generation of low-pressure
steam. Finally, the water is separated through a
pressure-reduction device for recycling, while the gas
products enter the gas separation unit for high-purity
hydrogen and CO2 production.
The material balance of the system is shown in Fig. 9.

Taking a 2000 Nm3-scale hydrogen production system
for example, it consumes 1.6 tons of dry coal (3.2 tons
of 50 wt.% coal slurry) and 1.54 tons of oxygen per hour,
and produces 197 kg of high-purity hydrogen, 3.8 tons of
high-purity CO2, and 0.44 tons of ash per hour. Accord-
ing to the energy calculation, the calorific value of coal
consumed is 10.456MW, the calorific value of hydrogen
produced is 5.955MW, and the heat recovered by waste
heat is 3.218MW. The efficiency of hydrogen produc-
tion, hydrogen-heat cogeneration, and hydrogen-heat-
gas cogeneration are 54.31%, 83.66%, and 93.58%,
respectively.
When compared with other hydrogen production

technologies, the SCWG-based hydrogen production
cost can be lowered down to 0.58 CNY/Nm3, which is
much lower than traditional approaches (as shown in
Fig. 10), providing a practically feasible way for large-
scale and low-cost hydrogen production. Furthermore,
the high-pressurized H2 produced in SCWG can be dir-
ectly used as chemical resources, e.g., for ammonia [107]
and methanol [108, 109] production, without high en-
ergy consumption in the gas compression process, bene-
fiting in energy and cost saving.

3.3.2 SCWG-based power generation
Similar as the hydrogen production system, a maximum
power generation can be achieved by oxidizing all the
hydrogen in the supercritical hydro-oxidation reactor. A

Table 1 Gas composition and yields of small-scale SCWG
system, reproduced from [98]

Gas composition H2 CO CH4 CO2 C2H6

Volume fraction (%) 55.20 0.64 10.26 33.17 0.71

Gas yield (Nm3/kg coal) 1.55 0.02 0.29 0.93 0.02

Fig. 6 Pilot-scale demonstration plant of SCWG system driven by concentrated solar energy, reprinted from [34]
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Fig. 7 Upgradation and transformation of traditional industries by SCWG-based poly-generation

Fig. 8 System schematic of poly-generation for hydrogen and heat
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typical poly-generation system is proposed for such pur-
pose as shown in Fig. 11. The system mainly consists of
SCWG submodule, mixed-working-medium turbine and
its auxiliary submodule, CO2 collection and phase separ-
ation submodule, etc. It should be noted that the SCWG
thermal power generation system is in open cycle condi-
tion, with the oxidation products being a part of the
mixed working fluid. Besides, the mixed working
medium is non-azeotropic and its temperature drops
continuously during condensation process; therefore, the
irreversibility of heat transfer process can be reduced by
matching temperature slip characteristics of mixed
working medium. The system adopts one reheat and
eight regenerations, and the cycle efficiency of mixed
working medium can reach 50% under typical operating
conditions. Finally, CO2 can be continuously enriched in
the gas phase during the condensation process and can
be separated at low cost for further utilization.

In traditional coal-fired power generation, the power
generation efficiency increases with the increase of
steam temperature, as shown in Fig. 12. Coal combus-
tion inevitably causes huge emissions of pollutants (e.g.,
SOx, NOx, and PM2.5) and CO2 (more than 750 g CO2

emission per kilowatt for a 1000MW-scale power sta-
tion, and higher for smaller scales). The cleaning process
for SOx, NOx, and PM2.5 removal requires huge energy
consumption, leading to 2% ~ 4% energy efficiency loss;
the power efficiency further decreases for 10% ~ 13% if
CCS-based techniques are used for the CO2 removal.
A comparison of the coal consumption between

traditional coal-fired power generation and SCWG is
conducted, as shown in Fig. 13. SCWG have a less
coal consumption in a wide range of power capacity;
when the power generation capacity reaches 1000
MW, the SCWG-based coal consumption rate de-
creases to a 244.8 g/kWh, saving coal of 29.1 g/kWh

Fig. 9 Material balance of 2000 Nm3-scale SCWG-based hydrogen production system (kg/h)

Fig. 10 Economic analysis of SCWG-based H2 production, in comparison with other techniques
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compared with traditional thermal power generation,
and the power generation efficiency reaches 56.7% (in
Fig. 12).
Further, if SCWG-based technology is fully extended

and applied in China, an enormous coal saving can be
achieved in power generation, heating, chemical engin-
eering, hydrogen production, and other industrial fields.
According to the annual coal consumption in different
sectors, a potential coal saving of 511 million tons per
year can be achieved (as shown in Fig. 14).
Compared with coal-fired power generation, the

SCWG-based technique shows overwhelming advantages
in CO2 emission, as shown in Fig. 15. The high purity

CO2 in the product can be easily collected and used as
the resource for fuel production, achieving zero CO2

emission in coal utilization. Therefore, the SCWG-based
technology can provide an effective way for China to
achieve carbon mitigation goals.

3.3.3 Poly-generation for power generation and ammonia
production
The SCWG-based technique can be designed to inte-
grate with air separation processes to create a poly-
generation system for ammonia production, hydrogen
production, heating, and power generation. As shown in
Fig. 16, the oxygen produced from the air separation

Fig. 11 Schematic of SCWG-based poly-generation system for power generation

Fig. 12 Comparison of SCWG-based power generation efficiency with other strategies
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unit can be used for reaction with hydrogen-rich gas
products to provide heat for the system and the city.
The high-pressure hydrogen separated from the SCWG
unit can be directly reacted with the nitrogen (produced
by the air separation unit) for ammonia synthesis, thus
avoiding the compression costs in traditional coal chem-
ical industry. The high-purity CO2 can be obtained
through separating the gas products. As a result, the
poly-generation system can efficiently realize the pro-
duction of multiple gas products, including nitrogen,
ammonia, hydrogen, and CO2. In addition, the mixed

working medium produced from the system can be used
for heat and power generation.
The poly-generation system enables the compre-

hensive utilization of resources and by-products, and
many other attractive possibilities can be achieved.
For example, the above processes can be achieved
through treating other carbon-containing resources
(e.g., biomass, crude oil, and wastes). Besides, it can
be easily combined with traditional industries, such
as for industrial and civil boiler replacement, for heat
production, and so on. More importantly, the

Fig. 13 Coal consumption rate for power generation (SCWG vs. traditional way)

Fig. 14 Coal consumption and coal savings in various industries by SCWG-based technology
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competitiveness in economic and environmental ben-
efits enable the development and construction of a
hydrogen-based energy utilization systems in a wide
range of energy-related sectors, promoting the syner-
gistic carbon reduction in the whole industrial
chains.

4 Solar fuel generation from water and CO2: large-
scale solar energy utilization and carbon recycling
4.1 The basic science of CO2RR powered by solar energy
By using CO2RR techniques, CO2, and water (the waste
in supercritical water gasification of coal) can be used to
produce valuable carbon-based fuels or organic

Fig. 15 Comparison of SCWG and traditional technology on CO2 emission

Fig. 16 Schematic of poly-generation system for ammonia and hydrogen production
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chemicals [110]. At present, solar-driven CO2RR tech-
niques include photocatalysis, photoelectrochemical
(PEC), photovoltaic-electrochemical (PV-EC), and solar
thermochemical approaches, as shown in Fig. 17. Within
all of the approaches, some small molecular compounds
can be produced from a series of reduction reactions,
where CO2RR exists. The identified products have been
reported in the literature, including almost all C1, C2,
and C3 products (for example CO, CH4, HCOOH,
HCHO, CH3OH, CH3CH2OH, CH3COOH, C2H4, and
so forth) as well as hydrogen. The thermodynamic equi-
librium potentials, E0, of the chemicals are listed in
Table 2.
In a photocatalysis approach, CO2RR is powered by

the solar-generated electron-hole pairs when the photo-
catalyst absorbs solar energy. Figure 18 presents the
band positions of typical semiconductors which own ap-
preciable photocatalysis activity. The photocatalyst can
not only convert the light energy into photovoltage, but
also lower the activation energy of the chemical reac-
tions. As shown in Fig. 17, within photocatalysts, solar
energy excites electrons from the valence band (VB) to
the conduction band (CB). The photogenerated elec-
trons and the holes left participate in the CO2RR and
oxygen evolution reaction (OER), respectively, to

generate abundant fuels and chemicals. Owing to the
bandgap, the semiconductor can absorb solar energy in
the appropriate spectral range. The semiconductors with
good light adsorption effects have received widespread
attention from all walks of life and have achieved rapid
development. In recent years, Z-scheme, which is con-
structed by two materials with different bandgaps, can
make up for the shortcoming of a single semiconductor.
A representative work of this system has achieved 896.7
and 440.7 μmol/(g∙h) of formate and oxygen at a stoi-
chiometric ratio [111]. Domen and coworkers con-
structed RuOx/Mo:BiVO4-charge mediator-Ru/La,Rh:
SrTiO3 Z-scheme composite photocatalyst to achieve a
high energy conversion efficiency of hydrogen and for-
mate [112].
The typical PEC-CO2RR system has four parts: photo-

electrode, membrane, electrolyte, and external circuit.
Other than solar energy, PEC systems can also accept a
supporting external bias [113]. Solar-driven electron-
hole pairs are generated on photoelectrodes (photocath-
ode or photoanode), and then produce the photocurrent
continuously within the closed circuit. In this process,
CO2RR would occur on the surfaces of the (photo)cath-
ode, while oxygen evolution reaction (OER) occurs on
the surfaces of the (photo)anode. Over the past few

Fig. 17 Schematic diagram of the current techniques for solar-driven CO2RR. With solar energy, H2O and CO2 can be reduced to various
chemicals via photocatalysis, photoelectrochemical, photovoltaic-electrochemical, or solar thermochemical approaches
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decades, solar energy utilization and fuel production sys-
tem based on PEC has attracted researchers’ interest and
many materials have been explored to manufacture PEC
photoelectrodes. So far, the highest energy conversion
efficiency using PEC for CO2RR comes from Xiang’s
group. They use GaAs/InGaP/TiO2/Ni photoanode and
series Pd/C photocathode to achieve 10% solar-to-fuel
(STF) and > 94% Faradaic efficiency of formate [114].
PV-EC is a combination of photoelectric conversion

and electrochemical CO2RR. As a light energy ab-
sorber, PV absorbs photons and generates electron
carriers, which are transmitted to the electrolytic cell
through external wires, providing all the electrical en-
ergy for the oxidation-reduction reaction of the posi-
tive and negative electrodes of the electrolytic cell. It

is independent of the electrochemical cell and does
not come into contact with the electrolyte, so it has
excellent stability compared with the integrated
photoelectrode in PEC systems. A high-efficient PV
would promote PV-EC systems to achieve higher STF
efficiency. Furthermore, the chemical reactions that
occurred on PV-EC take place under normal
temperature and pressure without additional energy
input. So far, the highest energy conversion efficiency
using PV + EC for CO2RR comes from Lin’s group.
They use NiFe/NF photoanode and Ag photocathode
to achieve ~ 23.4% STF and > 99% Faradaic efficiency
of CO [115].
In general, the solar thermochemical system consists

of two steps, which are separated in time and space

Table 2 The thermodynamic equilibrium potentials E0, and products involved in CO2RR. E
0 relative to the Standard Hydrogen

Electrode (SHE) at pH = 0 is estimated from standard Gibbs free energy

Reactions E0 Products

2H+
(aq) + 2e− → H2(g) 0.00 Hydrogen

CO2(g) + 2H+
(aq) + 2e− → CO(g) + H2O(l) −0.12 Carbon monoxide

CO2(g) + 2H+
(aq) + 2e− → HCOOH(l) −0.20 Formic acid

CO2(g) + 4H+
(aq) + 4e− → CH2O(l) + H2O(l) −0.07 Formaldehyde

CO2(g) + 6H+
(aq) + 6e− → CH3OH(l) + H2O(l) 0.03 Methanol

CO2(g) + 8H+
(aq) + 8e− → CH4(g) + 2H2O(l) 0.17 Methane

2CO2(g) + 2H+
(aq) + 2e− → H2C2O4(aq) − 0.50 Oxalic acid

2CO2(g) + 12H+
(aq) + 12e− → CH2CH2(g) + 4H2O(l) 0.06 Ethylene

2CO2(g) + 12H+
(aq) + 12e− → CH3CH2OH(l) + 3H2O(l) 0.08 Ethanol

2CO2(g) + 14H+
(aq) + 14e− → CH3CH3(l) + 4H2O(l) 0.14 Ethane

Fig. 18 Band positions of typical inorganic photocatalyst materials relative to SHE
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[116]. In the first step, the catalyst releases oxygen at a
relatively high temperature (~ 1400 °C), and thereby
shows reduction ability. In the second step, part of oxy-
gen is taken from CO2 by the catalyst, producing CO.
Although in theory, the STF by photothermal catalysis
could reach considerable efficiency [117], the cost of cre-
ating ultra-high reaction temperature through large-
scale concentration of light still restricts the industrial
use of this technology. Using reticulated ceria foams as
oxygen carrier material and volumetric porous solar ab-
sorber, Haeussler et al. designed a novel monolithic solar
reactor for two-step H2O and CO2 splitting and achieved
the highest STF efficiency of 7.5% for producing H2 and
CO [118].

4.2 Industry development status in CO2 reduction
It is a promising way that couple the CO2 reduction sys-
tem with the SCWG system, to achieve the goal of peak-
ing carbon emission and carbon neutrality. There is a
large amount of CO2 and H2O in the SCWG product,
which can be directly injected into the CO2RR system as
reactants after cooling, and thermal energy, which can
be used in photothermal catalysis [119, 120]. This way
can be a solution for the dual purpose of removing CO2

and producing hydrocarbon products, and then achiev-
ing the goal of fixing carbon. At present, the role of the
global energy transition has attracted more and more at-
tention from the international community. Renewable
energy has become an important part of the future en-
ergy strategy, the core of energy transition, and the new
platform for job creating and economic growth. To date,
solar energy has become the fourth largest source of
power generation after coal, natural gas, and hydro-
power. In 2022, the newly global installed capacity of
photovoltaic is expected to reach 190 GW and by 2032,
wind and solar power generation are expected to exceed
coal-fired power generation. The proportion of renew-
able energy in global power generation will increase ex-
ponentially. The United States, Germany, Denmark, and
other countries have proposed the proportion of renew-
able energy to be 80% to 100% of electricity consump-
tion by 2050.
To this end, many projects for the use of renewable

energy have been initiated. The RECODE project of the
Italian Institute of Technology focused on CO2 recovery
and utilization process within the cement industry. The
tail-carbon dioxide flue gas (25% by volume) from the
cement manufacturing process is used to produce value-
added chemicals and materials. The Politecnico di To-
rino developed a PEC reactor that uses water and sun-
light to convert CO2 to methanol in the Eco2CO2
project, achieving a conversion efficiency of more than
6% under sunlight above 400 nm wavelength and con-
tinuous operation more than 10,000 h. Based on this

technology, the annual reduction of up to 50 tons of
CO2 emissions per year has been put on the plan. The
European Commission’s project CEOPS is also focused
on sustainable methods of producing methanol from
CO2RR. Two chemical pathways were proposed in this
program, CO2 to CH4 and CH4 to CH3OH, with me-
thane as the intermediate carbon carrier. To improve
their efficiency in both pathways, CEOPS has studied ad-
vanced catalysts in three promising electrocatalytic pro-
cesses: dielectric-barrier discharge plasma catalysis,
photoexcited catalysis, and electrocatalysis. The Euro-
pean Institute of Catalysis has teamed up with GASKA-
TEL to develop an integrated process, in which high-
value C2 chemicals can be produced from CO2 using
electrochemical technology in the OCEAN project. By
matching the dynamic process on anode and cathode,
250 g of CO2 can be converted per hour at the current
density of 1.5 kA/m2, which reduces the economic cost
in the process of CO2RR. The SunCoChem project cata-
lyzes the carbonylation of C-C bonds through an en-
hanced coupling of solar-powered CO2RR to CO and
water oxidation to O2 with a novel multi-functional hy-
brid photocatalyst [114, 121]. The project will improve
the catalytic performance of the materials which are po-
tential and earth-rich. By coupling renewable solar en-
ergy with a carbon source (CO2), carbon neutrality
between energy and high-value chemicals could be
achieved, which meets European dependence on carbon
materials in the chemical industry.

4.3 Vision for the industrialization indicator and economic
analysis
CO2RR makes renewable energy stored in the form of
chemicals on a large scale. Techno-economic analysis
(TEA) can be used to assess CO2 conversion processes,
the feasibility of obtaining economical products, and fur-
ther determine the indicators for evaluating perform-
ance. Market size is critical to guide product selectivity.
In this respect, methane, methanol, ethanol, and ethyl-
ene are promising products, because each of them has a
market demand more than 80 million tons per year. Me-
thane is the main component of natural gas and a pre-
cursor for various chemicals. Methanol and ethanol are
used as solvents, precursors, and direct fuels. Ethylene is
an important precursor in the polymer industry, espe-
cially in the synthesis of polyethylene.
The cost of CO2RR products takes both capital cost

and operating cost into account. Capital costs come
from CO2 electrolyzer while operating costs come from
power usage, CO2 feedstock, and product separation
costs. In our coupled system, the overall cost is reduced
by cutting the CO2 feedstock and part of the electric
power from renewable energy. Sargent et al. estimated
the cost of CO2 electrolyzers by analogy with water
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electrolyzers [122]. The cost of CO2 electrolyzers would
be 5000–15,000 $/m2 in the absence of large-scale com-
mercial operation, which is the same as the cost of pro-
ton exchange membrane (PEM) water electrolyzers.
Furthermore, product separation accounts for a large
proportion of the cost. For gas product separation, pres-
sure swing adsorption (PSA) and membrane technolo-
gies are being used in some other industrial processes
with a similar gas composition. The selected separation
cost is 10 $/t, which is equivalent to the cost of
industrial-based biogas separation technologies. In
addition, liquid products separation can be achieved by
distillation, extraction, precipitation, and pervaporation.
Compared to the gas separation by using PSA, the cap-
ital cost of liquid separation is similar, but the oper-
ational cost is much higher. According to the Sherwood
diagram, the separation cost of the liquid product is esti-
mated to be 60 $/t, assuming the minimum input prod-
uct concentration is 10% [123].
In industrial applications, the rate of chemical produc-

tion (yield) is the primary criterion to ensure profitabil-
ity. The current density, which reflects the reaction rate,
directly affects the cost of capital. Using alkaline electro-
lytic cell with a cost of 920 $/m2, Jouny estimated that a
current density of 250–300 mA cm− 2 is feasible. Besides,
Faraday efficiency (FE), energy efficiency (EE), and stabil-
ity are also used to characterize the performance of the
process. FE reflects the selectivity of the current to a
specific CO2RR product. The high FE reduces the separ-
ation requirements and the total current required for the
target production rate. EE is the percentage of the en-
ergy stored in the desired product to the total energy re-
quired to synthesize them. The electricity used is
proportional to EE and the product energy value. Im-
proving overall energy efficiency can reduce energy in-
puts and costs. Finally, CO2 electrolyzer should achieve
a long duration under production conditions. The indus-
trial water electrolytic cell for reference has been run-
ning stably for more than 80 thousand hours. Long-term
stability is essential to reduce maintenance, replacement
costs and associated with cell downtime. Sargent et al.
put forward that the target performance indicators of
current density (> 300 mA·cm− 2), FE (80–90%), battery
voltage (< 1.8 V), and stability (> 80,000 h) need to be
achieved for CO2RR to be economically viable [122].
There are many scientific and engineering challenges

for this technology to be truly used in the industrial
market, with the development of society and the emer-
gence of new modes of operation, the opportunity of the
renewable energy market is likely to arise. In addition to
the technical challenges, there are considerable eco-
nomic barriers in the complex, mature, and highly inter-
connected petrochemical industry. Despite these
challenges, the development and adoption of renewable

energy technologies, such as solar and wind power, still
provide a promising way for carbon neutrality.

5 Perspective
The SCWG-based technology shows economic advan-
tages in hydrogen production, heat supply, power gener-
ation, and potentially in ammonia production. At
present, the technological feasibilities of SCWG have
been widely proved through basically theoretical re-
search, lab-scale experimental study, and even pilot scale
testing. The mild operating parameters make it possible
to use normal and cheap steels for equipment construc-
tion. There may still lie some hidden problems which
can only be revealed through industrial-scale demonstra-
tion projects. Corresponding work will obviously lead to
much more investments, and is the subject of our
current work. Besides, a lot of new possibilities can be
discovered, as the whole society is undergoing profound
changes towards a green and sustainable future: the
widespread renewable utilization is required, and using
hydrogen as the energy carrier for end-use is promising.
We aim at meeting these urgent demands from indus-
trials through validating, optimizing, and advancing the
SCWG system. We call for more participation and social
support to push this promising technology towards in-
dustrial applications.
According to the technical route for preparing hydro-

carbon fuels by solar energy with CO2RR technology,
photocatalysis, PEC, and PV-EC systems can only utilize
ultraviolet and visible (UV-vis) light. Although PEC and
PV-EC systems own a higher STF efficiency than other
solar fuel generation approaches, nearly all infrared (IR)
light is wasted. Within the solar thermochemical system,
all of the absorbed light is just for heating. Therefore,
the combination of two or more solar fuel generation
approaches should be a good choice for gradient
utilization of the full spectrum. As shown in Fig. 19,
solar light can be divided into UV-vis light and IR light
by a beam splitter (or other wavelength dividers). UV-vis
light could be used to drive photocatalysis, PEC, or PV-
EC systems. While IR light can be used for the systems
such as synthesizing carbon-based fuels via solar
thermochemical CO2RR, generating electricity via sea-
water desalination, producing CO2 pyrolysis, and so on.
In this case, besides carbon-based fuels, a greater variety
of products (purified water, electricity, and so on) can be
obtained simultaneously.
Through combing the SCWG-based coal conversion

process with the renewables-powered CO2RR process,
we propose an identified Hydrogen & Carbon Combined
Cycle (HCCC) system, as shown in Fig. 20. Being pow-
ered by primary energies, such as coal, solar energy,
wind energy, and/or hydraulic energy, HCCC produces
electric energy, mechanical energy, heat, and chemicals
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in an environmentally friendly way. In this system, coal
brings both energy and carbon into the SCWG reactor,
which produces slag, heat, H2, as well as high-
concentration CO2 for the following CO2RR reactor.
Next, renewable energies (solar energy, wind energy, and

hydraulic energy) can be transformed to clean and
pollution-free hydrocarbon fuels and valuable chemical
products which are convenient to store and transporta-
tion. Also, O2 can be a by-product. After being used for
generating electric energy and mechanical energy, the

Fig. 19 Scheme depicting a conceptually poly-generation technology in SKLMFPE

Fig. 20 Scheme depicting identified Hydrogen & Carbon Combined Cycle (HCCC) for producing electric energy, mechanical energy, heating, and
chemicals (H2, O2, and organic raw materials)
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generated H2 and carbon-based fuels are further con-
verted to water and CO2, which can be used as raw ma-
terials for SCWG and CO2RR. In addition, H2 is an
important raw material for synthesizing chemical com-
pounds and in metallurgical reduction reactions, other
than an energy carrier.
The whole process within the HCCC system does not

create any carbon emissions. Compared to the current
industrial system, HCCC eliminates the urgent issues in
(i) reducing CO2 emissions in coal-fired power plants
and industrial coal consumption; and (ii) solving in-
stabilities issues to the electrical grid caused by the inter-
mittence of renewable power. As the commitment
announced by the Chinese government in “Climate Am-
bition Summit 2020”, which aims to increase the share
of non-fossil fuels in primary energy consumption to
around 25% in 2030, HCCC can not only reduce fossil
fuel consumption and increase the proportion of renew-
able energy applications, but also provide a promising
way to utilize renewable energy sources including but
not limited to solar energy, wind energy and hydraulic
resources to valuable chemical products. The quantita-
tive match between SCWG and CO2RR still requires
much work to do, which is one of our future research
focuses.

6 Conclusion
In the context of carbon mitigation, the huge amount of
CO2 emission from a wide energy-related industry,
mainly from fossil consumption, should be directly miti-
gated. SCWG-based technology can directly mitigate the
CO2 emission through subverting the traditional coal
utilization mode: it orderly converts the chemical energy
of coal and low-grade heat into hydrogen and CO2 in a
naturally captured state; the renewables-powered CO2

reduction techniques further convert the high-purity
CO2 into carbon-based fuels, leading to zero carbon
emission.
Besides, the SCWG process provides a promising way

in meeting the wide demands from industries and in
pushing the energy transition towards a green and sus-
tainable future: 1) SCWG achieves the poly-generation
of steam, heat, hydrogen, electricity, CO2 and minerals,
which can be easily combined with and upgrade the
traditional industries; 2) the CO2RR achieves the effect-
ive conversion of intermittent renewable energy into
stable chemical energy of carbon-based fuels, releasing
the bottleneck of renewable development.
The SCWG-based coal utilization system achieves the

efficient energy conversion and full utilization of re-
sources without CO2 and pollutant emission, exemplify-
ing the physiologic of ordered energy conversion: the
energy conversion and resource utilization are combined
in a desired way, in which the maximum energy

efficiency can be achieved, and the substances are fully
used as resources. The wealth of knowledge dissemi-
nated in this paper is not restricted to currently dis-
cussed technologies, but could inspire the whole energy-
related industries to reconsider the energy utilization
system towards an efficient and sustainable future.

Abbreviations
CB: Conduction band; CCS: Carbon capture and storage; CO2: Carbon
dioxide; COP: Conference of the Parties; CO2R: CO2 reduction; CO2RR: CO2

reduction reaction; EE: Energy efficiency; FE: Faraday efficiency; H2: Hydrogen;
HCCC: Hydrogen & Carbon Combined Cycle; HER: Hydrogen evolution
reaction; IEA: International Energy Agency; IR: Infrared; NOx: Nitrogen oxide;
OER: Oxygen evolution reaction; PAH: Polycyclic aromatic hydrocarbons;
PEC: Photoelectrochemical; PEM: Proton exchange membrane;
PM: Particulate matter; PSA: Pressure swing adsorption; PV-EC: Photovoltaic-
electrochemical; SCW: Supercritical water; SCWG: Supercritical water
gasification; SKLMFPE: State Key Laboratory of Multiphase Flow in Power
Engineering; SOx: Sulfur oxide; STF: Solar-to-fuel; TEA: Techno-economic
analysis; UV-vis: Ultraviolet and visible; VB: Valence band

Acknowledgements
The financial support of the National Natural Science Foundation of China by
the Basic Science Center Program for Ordered Energy Conversion (No.
51888103) is greatly acknowledged.

Data availability statement
The data that support the findings of this study are available upon
reasonable request from the authors.

Authors’ contributions
Conceptualization, Liejin Guo; writing - original draft preparation, Liejin Guo,
Zhisong Ou, Guobiao Ou, Mengmeng Song, Zihao Jiao, Wenhao Jing, Ya Liu;
writing - review and editing, Liejin Guo, Ya Liu, Hui Jin, Zhiwei Ge, Zhisong
Ou; funding acquisition, Liejin Guo. All authors have read and agreed to the
published version of the manuscript.

Funding
This work is supported by the National Natural Science Foundation of China
(No. 51888103).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Declarations

Competing interests
The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Received: 29 December 2021 Accepted: 15 February 2022

References
1. Huang M-T, Zhai P-M (2021) Achieving Paris agreement temperature goals

requires carbon neutrality by middle century with far-reaching transitions in
the whole society. Adv Clim Chang Res 12(2):281–286. https://doi.org/10.101
6/j.accre.2021.03.004

2. Tollefson J (2017) Limiting global warming to 1.5 °C may still be possible.
Nature. https://doi.org/10.1038/nature.2017.22627

3. Ebrahimi S, Mac Kinnon M, Brouwer J (2018) California end-use
electrification impacts on carbon neutrality and clean air. Appl Energy 213:
435–449. https://doi.org/10.1016/j.apenergy.2018.01.050

4. Salvia M, Reckien D, Pietrapertosa F, Eckersley P, Spyridaki N-A, Krook-
Riekkola A, Olazabal M, De Gregorio HS, Simoes SG, Geneletti D, Viguié V,
Fokaides PA, Ioannou BI, Flamos A, Csete MS, Buzasi A, Orru H, de Boer C,
Foley A, Rižnar K, Matosović M, Balzan MV, Smigaj M, Baštáková V,
Streberova E, Šel NB, Coste L, Tardieu L, Altenburg C, Lorencová EK, Orru K,

Guo et al. Carbon Neutrality             (2022) 1:4 Page 18 of 22

https://doi.org/10.1016/j.accre.2021.03.004
https://doi.org/10.1016/j.accre.2021.03.004
https://doi.org/10.1038/nature.2017.22627
https://doi.org/10.1016/j.apenergy.2018.01.050


Wejs A, Feliu E, Church JM, Grafakos S, Vasilie S, Paspaldzhiev I, Heidrich O
(2021) Will climate mitigation ambitions lead to carbon neutrality? An
analysis of the local-level plans of 327 cities in the EU. Renew Sustain
Energy Rev 135:110253. https://doi.org/10.1016/j.rser.2020.110253

5. Schreyer F, Luderer G, Rodrigues R, Pietzcker RC, Baumstark L, Sugiyama M,
Brecha RJ, Ueckerdt F (2020) Common but differentiated leadership:
strategies and challenges for carbon neutrality by 2050 across industrialized
economies. Environ Res Lett 15(11):114016. https://doi.org/10.1088/1748-932
6/abb852

6. Chen J, Cui H, Xu Y, Ge Q (2021) Long-term temperature and sea-level rise
stabilization before and beyond 2100: estimating the additional climate
mitigation contribution from China’s recent 2060 carbon neutrality pledge.
Environ Res Lett 16(7):074032. https://doi.org/10.1088/1748-9326/ac0cac

7. Zou C, Xue H, Xiong B, Zhang G, Pan S, Jia C, Wang Y, Ma F, Sun Q, Guan C,
Lin M (2021) Connotation, innovation and vision of “carbon neutrality”. Nat
Gas Industry B 8(5):523–537. https://doi.org/10.1016/j.ngib.2021.08.009

8. Cheng J, Tong D, Zhang Q, Liu Y, Lei Y, Yan G, Yan L, Yu S, Cui RY, Clarke L,
Geng G, Zheng B, Zhang X, Davis SJ, He K (2021) Pathways of China's PM2.5
air quality 2015–2060 In the context of carbon neutrality. Natl Sci Rev.
https://doi.org/10.1093/nsr/nwab078

9. Li X, Abdullah LC, Sobri S, Md Said MS, Hussain SA, Aun TP (2021b)
Overview of air pollution in typical basin of China under the target of
carbon neutrality. Int J Environ Res 15(6):1109–1138. https://doi.org/10.1007/
s41742-021-00371-9

10. Shi X, Zheng Y, Lei Y, Xue W, Yan G, Liu X, Cai B, Tong D, Wang J (2021) Air
quality benefits of achieving carbon neutrality in China. Sci Total Environ
795:148784. https://doi.org/10.1016/j.scitotenv.2021.148784

11. Wang J, Liu Y, Ding Y, Yang Y, Xu Y, Li Q, Zhang Y, Gao M, Yang J, Wu Q, Li
C, Li M (2021b) Future changes in the meteorological potential for winter
haze over Beijing during periods of peak carbon emissions and carbon
neutrality in China projected by coupled model Intercomparison project
phase 6 models. Int J Climatol. https://doi.org/10.1002/joc.7352

12. Can W, Ruoshui S, Jiutian Z (2021) Supportive technologies and roadmap
for China's carbon neutrality. China Econ 16(5):32–70

13. Jiao B, Xu Z, Zheng K, Yan X, Feng J (2021) Research on China's energy
transition strategy in the context of carbon neutrality based on SWOT. E3S
web of conferences. EDP sciences, 236: 02004. https://doi.org/10.1051/e3
sconf/202123602004

14. Olivier JG, Peters JA (2017) Trends in global CO2 and total greenhouse gas
emissions: 2017 report. PBL Netherlands Environmental Assessment Agency,
The Hague

15. Berndes G, Apt B, Antti A, Cowie A, Dale V, Gustaf E, Lindner M, Marelli L,
Paré D, Pingoud K, Yeh S (2016) Forest biomass, carbon neutrality and
climate change mitigation. Sci Policy 2016(3):3–27. https://doi.org/10.13140/
RG.2.2.20407.52646

16. Chen JM (2021) Carbon neutrality: toward a sustainable future. Innovation
2(3):100127. https://doi.org/10.1016/j.xinn.2021.100127

17. Gil L, Bernardo J (2020) An approach to energy and climate issues aiming at
carbon neutrality. Renew Energy Focus 33:37–42. https://doi.org/10.1016/j.
ref.2020.03.003

18. Han P, Zeng N, Zhang W, Cai Q, Yang R, Yao B, Lin X, Wang G, Liu D,
Yu Y. (2021). Decreasing emissions and increasing sink capacity to
support China in achieving carbon neutrality before 2060. arXiv preprint
arXiv:2102.10871, 2021

19. Zhang Y, Shi X, Qian X, Chen S, Nie R (2021) Macroeconomic effect of
energy transition to carbon neutrality: evidence from China's coal capacity
cut policy. Energy Policy 155:112374. https://doi.org/10.1016/j.enpol.2
021.112374

20. Li Y, Lan S, Ryberg M, Pérez-Ramírez J, Wang X (2021c) A quantitative
roadmap for China towards carbon neutrality in 2060 using methanol and
ammonia as energy carriers. Iscience 24(6):102513. https://doi.org/10.1016/j.
isci.2021.102513

21. Wang F, Harindintwali JD, Yuan Z, Wang M, Wang F, Li S, Yin Z, Huang L, Fu
Y, Li L, Chang SX, Zhang L, Rinklebe J, Yuan Z, Zhu Q, Xiang L, Tsang DCW,
Xu L, Jiang X, Liu J, Wei N, Kästner M, Zou Y, Ok YS, Shen J, Peng D, Zhang
W, Barceló D, Zhou Y, Bai Z, Li B, Zhang B, Wei K, Cao H, Tan Z, L-b Z, He X,
Zheng J, Bolan N, Liu X, Huang C, Dietmann S, Luo M, Sun N, Gong J, Gong
Y, Brahushi F, Zhang T, Xiao C, Li X, Chen W, Jiao N, Lehmann J, Zhu Y-G,
Jin H, Schäffer A, Tiedje JM, Chen JM (2021a) Technologies and perspectives
for achieving carbon neutrality. Innovation 2(4):100180. https://doi.org/10.1
016/j.xinn.2021.100180

22. Li C, Li Y, Xu M, Gong Y, Gong S, Wang P, Li P, Dong B, Men Z (2021a)
Studies on pathways to carbon neutrality for indirect coal liquefaction in
China. Clean Energy 5(4):644–654. https://doi.org/10.1093/ce/zkab035

23. Peridas G, Mordick Schmidt B (2021) The role of carbon capture and storage
in the race to carbon neutrality. Electr J 34(7):106996. https://doi.org/10.101
6/j.tej.2021.106996

24. Lee J-Y, Chen C-L, Chen H-C (2014) A mathematical technique for hybrid
power system design with energy loss considerations. Energ Conver
Manage 82:301–307. https://doi.org/10.1016/j.enconman.2014.03.029

25. Meij R, te Winkel H (2007) The emissions of heavy metals and persistent
organic pollutants from modern coal-fired power stations. Atmos Environ
41(40):9262–9272. https://doi.org/10.1016/j.atmosenv.2007.04.042

26. Omer AM (2008) Power, people and pollutions. Renew Sustain Energy Rev
12(7):1864–1889. https://doi.org/10.1016/j.rser.2006.10.004

27. You CF, Xu XC (2010) Coal combustion and its pollution control in China.
Energy 35(11):4467–4472. https://doi.org/10.1016/j.energy.2009.04.019

28. Zhang J, Smith Kirk R (2007) Household air pollution from coal and biomass
fuels in China: measurements, health impacts, and interventions. Environ
Health Perspect 115(6):848–855. https://doi.org/10.1289/ehp.9479

29. Wyrwa A, Suwała W, Pluta M, Raczyński M, Zyśk J, Tokarski S (2021) A new
approach for coupling the short- and long-term planning models to design
a pathway to carbon neutrality in a coal-based power system. Energy 239:
122438. https://doi.org/10.1016/j.energy.2021.122438

30. Xu X, Chen C, Qi H, He R, You C, Xiang G (2000) Development of coal
combustion pollution control for SO2 and NOx in China. Fuel Process
Technol 62(2-3):153–160. https://doi.org/10.1016/S0378-3820(99)00116-2

31. Zhao D, Sun B (1986) Atmospheric pollution from coal combustion in
China. J Air Poll Control Assoc 36(4):371–374. https://doi.org/10.1080/000224
70.1986.10466074

32. Acton PM, Fox JF, Campbell JE, Jones AL, Rowe H, Martin D, Bryson S (2011)
Role of soil health in maintaining environmental sustainability of surface
coal mining. Environ Sci Technol 45(23):10265–10272. https://doi.org/10.1
021/es202764q

33. Guo L, Jin H (2013) Boiling coal in water: hydrogen production and power
generation system with zero net CO2 emission based on coal and
supercritical water gasification. Int J Hydrogen Energy 38(29):12953–12967.
https://doi.org/10.1016/j.ijhydene.2013.04.089

34. Guo L, Jin H, Lu Y (2015b) Supercritical water gasification research and
development in China. J Supercrit Fluids 96:144–150. https://doi.org/10.101
6/j.supflu.2014.09.023

35. Guo LJ, Jin H, Ge ZW, Lu YJ, Cao CQ (2015c) Industrialization prospects for
hydrogen production by coal gasification in supercritical water and novel
thermodynamic cycle power generation system with no pollution emission.
Sci China Technol Sci 58(12):1989–2002. https://doi.org/10.1007/s11431-015-
5967-0

36. Guo L, Jin H, Ge Z, Lu Y, Cao C (2015a) Industrialization prospects for
hydrogen production by coal gasification in supercritical water and novel
thermodynamic cycle power generation system with no pollution emission.
Sci China Technol Sci 58(12):1989–2002. https://doi.org/10.1007/s11431-015-
5967-0

37. Modell M, Reid RC, Amin SI (1978) Gasification process. US Patent 4(113):446
38. Antal MJ Jr, Allen SG, Deborah Schulman A, Xu X, Divilio RJ (2000) Biomass

gasification in supercritical water†. Ind Eng Chem Res 39:4040–4053.
39. Gadhe JB, Gupta RB (2007) Hydrogen production by methanol reforming in

supercritical water: catalysis by in-situ-generated copper nanoparticles. Int J
Hydrogen Energy 32(13):2374–2381. https://doi.org/10.1016/j.ijhydene.2006.10.050

40. Hao XH, Guo LJ, Mao X, Zhang XM, Chen XJ (2003) Hydrogen production
from glucose used as a model compound of biomass gasified in
supercritical water. Int J Hydrogen Energy 28(1):55–64. https://doi.org/10.101
6/S0360-3199(02)00056-3

41. Lu YJ, Guo LJ, Ji CM, Zhang XM, Hao XH, Yan QH (2006) Hydrogen
production by biomass gasification in supercritical water: a parametric
study. Int J Hydrogen Energy 31(7):822–831. https://doi.org/10.1016/j.
ijhydene.2005.08.011

42. Lu YJ, Guo LJ, Zhang XM, Yan QH (2007) Thermodynamic modeling
and analysis of biomass gasification for hydrogen production in
supercritical water. Chem Eng J 131(1-3):233–244. https://doi.org/10.101
6/j.cej.2006.11.016

43. Xu X, Matsumura Y, Jonny Stenberg A, Antal MJ Jr (1996) Carbon-catalyzed
gasification of organic feedstocks in supercritical water†. Ind Eng Chem Res
35:2522–2530

Guo et al. Carbon Neutrality             (2022) 1:4 Page 19 of 22

https://doi.org/10.1016/j.rser.2020.110253
https://doi.org/10.1088/1748-9326/abb852
https://doi.org/10.1088/1748-9326/abb852
https://doi.org/10.1088/1748-9326/ac0cac
https://doi.org/10.1016/j.ngib.2021.08.009
https://doi.org/10.1093/nsr/nwab078
https://doi.org/10.1007/s41742-021-00371-9
https://doi.org/10.1007/s41742-021-00371-9
https://doi.org/10.1016/j.scitotenv.2021.148784
https://doi.org/10.1002/joc.7352
https://doi.org/10.1051/e3sconf/202123602004
https://doi.org/10.1051/e3sconf/202123602004
https://doi.org/10.13140/RG.2.2.20407.52646
https://doi.org/10.13140/RG.2.2.20407.52646
https://doi.org/10.1016/j.xinn.2021.100127
https://doi.org/10.1016/j.ref.2020.03.003
https://doi.org/10.1016/j.ref.2020.03.003
https://doi.org/10.1016/j.enpol.2021.112374
https://doi.org/10.1016/j.enpol.2021.112374
https://doi.org/10.1016/j.isci.2021.102513
https://doi.org/10.1016/j.isci.2021.102513
https://doi.org/10.1016/j.xinn.2021.100180
https://doi.org/10.1016/j.xinn.2021.100180
https://doi.org/10.1093/ce/zkab035
https://doi.org/10.1016/j.tej.2021.106996
https://doi.org/10.1016/j.tej.2021.106996
https://doi.org/10.1016/j.enconman.2014.03.029
https://doi.org/10.1016/j.atmosenv.2007.04.042
https://doi.org/10.1016/j.rser.2006.10.004
https://doi.org/10.1016/j.energy.2009.04.019
https://doi.org/10.1289/ehp.9479
https://doi.org/10.1016/j.energy.2021.122438
https://doi.org/10.1016/S0378-3820(99)00116-2
https://doi.org/10.1080/00022470.1986.10466074
https://doi.org/10.1080/00022470.1986.10466074
https://doi.org/10.1021/es202764q
https://doi.org/10.1021/es202764q
https://doi.org/10.1016/j.ijhydene.2013.04.089
https://doi.org/10.1016/j.supflu.2014.09.023
https://doi.org/10.1016/j.supflu.2014.09.023
https://doi.org/10.1007/s11431-015-5967-0
https://doi.org/10.1007/s11431-015-5967-0
https://doi.org/10.1007/s11431-015-5967-0
https://doi.org/10.1007/s11431-015-5967-0
https://doi.org/10.1016/j.ijhydene.2006.10.050
https://doi.org/10.1016/S0360-3199(02)00056-3
https://doi.org/10.1016/S0360-3199(02)00056-3
https://doi.org/10.1016/j.ijhydene.2005.08.011
https://doi.org/10.1016/j.ijhydene.2005.08.011
https://doi.org/10.1016/j.cej.2006.11.016
https://doi.org/10.1016/j.cej.2006.11.016


44. Yan Q, Guo L, Lu Y (2006) Thermodynamic analysis of hydrogen production
from biomass gasification in supercritical water. Energ Conver Manage
47(11-12):1515–1528. https://doi.org/10.1016/j.enconman.2005.08.004

45. Yoshida T, Oshima Y, Matsumura Y (2004) Gasification of biomass model
compounds and real biomass in supercritical water. Biomass Bioenergy
26(1):71–78. https://doi.org/10.1016/S0961-9534(03)00063-1

46. Yu D, Aihara M, Antal MJ Jr (1993) Hydrogen production by steam
reforming glucose in supercritical water. Energy Fuel 7(5):574–577. https://
doi.org/10.1021/ef00041a002

47. Savage PE (2009) A perspective on catalysis in sub- and supercritical water. J
Supercrit Fluids 47(3):407–414. https://doi.org/10.1016/j.supflu.2008.09.007

48. Ge Z, Jin H, Guo L (2014) Hydrogen production by catalytic gasification of
coal in supercritical water with alkaline catalysts: explore the way to
complete gasification of coal. Int J Hydrogen Energy 39(34):19583–19592.
https://doi.org/10.1016/j.ijhydene.2014.09.119

49. Lemmon EW, Huber ML, McLinden MO (2010) NIST Standard
Reference Database 23: Reference Fluid Thermodynamic and Transport
Properties - REFPROP 9.0. NIST NSRDS.

50. Guo Y, Wang SZ, Xu DH, Gong YM, Ma HH, Tang XY (2010) Review of
catalytic supercritical water gasification for hydrogen production from
biomass. Renew Sustain Energy Rev 14(1):334–343. https://doi.org/10.1016/j.
rser.2009.08.012

51. Kritzer P, Dinjus E (2001) An assessment of supercritical water oxidation
(SCWO) - existing problems, possible solutions and new reactor concepts.
Chem Eng J 83(3):207–214. https://doi.org/10.1016/S1385-8947(00)00255-2

52. Kruse A, Krupka A, Schwarzkopf V, Gamard C, Henningsen T (2005) Influence
of proteins on the hydrothermal gasification and liquefaction of biomass. 1.
Comparison of different feedstocks. Ind Eng Chem Res, 44:3013–3020. 10.
1021/ie049129y, 9

53. Townsend SH, Abraham MA, Huppert GL, Klein MT, Paspek SC (1988)
Solvent effects during reactions in supercritical water. Ind Eng Chem Res
27(1):143–149. https://doi.org/10.1021/ie00073a026

54. Buhler W, Dinjus E, Ederer HJ, Kruse A, Mas C (2002) Ionic reactions and
pyrolysis of glycerol as competing reaction pathways in near- and
supercritical water. J Supercrit Fluids 22(1):37–53. https://doi.org/10.1016/
s0896-8446(01)00105-x

55. Zhu C, Guo L, Jin H, Ou Z, Wei W, Huang J (2018) Gasification of guaiacol in
supercritical water: detailed reaction pathway and mechanisms. Int J
Hydrogen Energy 43(31):14078–14086. https://doi.org/10.1016/j.ijhydene.201
8.05.136

56. Sun J, Feng H, Xu J, Jin H, Guo L (2021) Investigation of the conversion
mechanism for hydrogen production by coal gasification in supercritical
water. Int J Hydrogen Energy 46(17):10205–10215. https://doi.org/10.1016/j.
ijhydene.2020.12.130

57. Liu SK, Jin H, Wei WW, Guo LJ (2016b) Gasification of indole in supercritical
water: nitrogen transformation mechanisms and kinetics. Int J Hydrogen
Energy 41(36):15985–15997. https://doi.org/10.1016/j.ijhydene.2016.04.219

58. Wang R, Lu L, Zhang D, Wei W, Jin H, Guo L (2020b) Effects of alkaline
metals on the reactivity of the carbon structure after partial supercritical
water gasification of coal. Energy Fuel 34(11):13916–13923. https://doi.org/1
0.1021/acs.energyfuels.0c02735

59. Cao C, Guo L, Jin H, Guo S, Lu Y, Zhang X (2013) The influence of alkali
precipitation on supercritical water gasification of glucose and the alkali
recovery in fluidized-bed reactor. Int J Hydrogen Energy 38(30):13293–
13299. https://doi.org/10.1016/j.ijhydene.2013.07.068

60. Cao C, Guo L, Yin J, Jin H, Cao W, Jia Y, Yao X (2015) Supercritical water
gasification of coal with waste black liquor as inexpensive additives. Energy
Fuel 29(1):384–391. https://doi.org/10.1021/ef502110d

61. Ge ZW, Guo LJ, Jin H (2020) Catalytic supercritical water gasification
mechanism of coal. Int J Hydrogen Energy 45(16):9504–9511. https://doi.
org/10.1016/j.ijhydene.2020.01.245

62. Guo SM, Guo LJ, Yin JR, Jin H (2013) Supercritical water gasification of
glycerol: intermediates and kinetics. J Supercrit Fluids 78:95–102. https://doi.
org/10.1016/j.supflu.2013.03.025

63. Jin H, Fan C, Guo L, Liu S, Cao C, Wang R (2017a) Experimental study on
hydrogen production by lignite gasification in supercritical water fluidized
bed reactor using external recycle of liquid residual. Energ Conver Manage
145:214–219. https://doi.org/10.1016/j.enconman.2017.04.102

64. Li X, Wu Z, Wang H, Jin H (2022a) The effect of particle wake on the heat
transfer characteristics between interactive particles in supercritical water.
Chem Eng Sci 247:117030. https://doi.org/10.1016/j.ces.2021.117030

65. Li Y, Wang H, Shi J, Cao C, Jin H (2022b) Numerical simulation on natural
convection and temperature distribution of supercritical water in a side-wall
heated cavity. J Supercrit Fluids 181:105465. https://doi.org/10.1016/j.supflu.2
021.105465

66. Gong M, Nanda S, Romero MJ, Zhu W, Kozinski JA (2017) Subcritical and
supercritical water gasification of humic acid as a model compound of
humic substances in sewage sludge. J Supercrit Fluids 119:130–138. https://
doi.org/10.1016/j.supflu.2016.08.018

67. Kruse A, Meier D, Rimbrecht P, Schacht M (2000) Gasification of
pyrocatechol in supercritical water in the presence of potassium
hydroxide. Ind Eng Chem Res 39(12):4842–4848. https://doi.org/10.1021/
ie0001570

68. Su X, Jin H, Guo L, Guo S, Ge Z (2015) Experimental study on Zhundong
coal gasification in supercritical water with a quartz reactor: reaction kinetics
and pathway. Int J Hydrogen Energy 40(24):7424–7432. https://doi.org/10.1
016/j.ijhydene.2015.02.110

69. Behnia I, Yuan Z, Charpentier P, Xu CJFPT (2016) Production of
methane and hydrogen via supercritical water gasification of renewable
glucose at a relatively low temperature: effects of metal catalysts and
supports. Fuel Process Technol 143:27–34. https://doi.org/10.1016/j.
fuproc.2015.11.006

70. Lu YJ, Jin H, Guo LJ, Zhang XM, Cao CQ, Guo X (2008) Hydrogen
production by biomass gasification in supercritical water with a fluidized
bed reactor. Int J Hydrogen Energy 33(21):6066–6075. https://doi.org/10.101
6/j.ijhydene.2008.07.082

71. Pinkard BR, Gorman DJ, Tiwari K, Kramlich JC, Reinhall PG, Novosselov IV
(2018) Review of gasification of organic compounds in continuous-flow,
supercritical water reactors. Ind Eng Chem Res 57(10):3471–3481. https://doi.
org/10.1021/acs.iecr.8b00068

72. Cheng LM, Zhang R, Bi JC (2004) Pyrolysis of a low-rank coal in sub- and
supercritical water. Fuel Process Technol 85(8-10):921–932. https://doi.org/1
0.1016/j.fuproc.2003.11.034

73. Deshpande GV, Holder GD, Bishop AA, Gopal J, Wender I (1984) Extraction
of coal using supercritical water. Fuel 63(7):956–960. https://doi.org/10.1016/
0016-2361(84)90318-1

74. Spritzer MH, Hong GT (2003) Supercritical water partial oxidation. General
Atomics, USA

75. Vostrikov AA, Fedyaeva ON, Dubov DY, Psarov SA, Sokol MY (2011)
Conversion of brown coal in supercritical water without and with addition
of oxygen at continuous supply of coal-water slurry. Energy 36(4):1948–
1955. https://doi.org/10.1016/j.energy.2010.05.004

76. Wang J, Takarada T (2001) Role of calcium hydroxide in supercritical water
gasification of low-rank coal. Energy Fuel 15(2):356–362. https://doi.org/10.1
021/ef000144z

77. Wang T, Zhu X (2003) Sulfur transformations during supercritical water
oxidation of a Chinese coal. Fuel 82(18):2267–2272. https://doi.org/10.1016/
s0016-2361(03)00167-4

78. Yamaguchi D, Sanderson PJ, Lim S, Aye L (2009) Supercritical water
gasification of Victorian brown coal: experimental characterisation. Int J
Hydrogen Energy 34(8):3342–3350. https://doi.org/10.1016/j.ijhydene.2009.
02.026

79. Yu JD, Lu X, Shi YJ, Chen QL, Guan QQ, Ning P, Tian SL, Gu JJ (2016)
Catalytic gasification of lignite in supercritical water with Ru/CeO2-ZrO2. Int
J Hydrogen Energy 41(8):4579–4591. https://doi.org/10.1016/j.ijhydene.201
5.12.152

80. Huang JK, Lu YJ, Wang H (2019) Minimum bubbling fluidization velocity
in a supercritical water fluidized bed acquired by the dual-capacitance
probe method. Chem Eng Sci 199:359–370. https://doi.org/10.1016/j.
ces.2018.12.056

81. Wang H, Lu Y (2021) Drag coefficient and volume fraction of bubbles in a
supercritical water fluidized bed. Particuology 57:127–138. https://doi.org/1
0.1016/j.partic.2020.11.005

82. Wei LP, Lu YJ (2016b) Fluidization behavior in high-pressure water at
temperature from ambient to supercritical. Powder Technol 304:89–100.
https://doi.org/10.1016/j.powtec.2016.08.025

83. Lu YJ, Huang JK, Zheng PF (2014) Fluid hydrodynamic characteristics in
supercritical water fluidized bed: a DEM simulation study. Chem Eng Sci
117:283–292. https://doi.org/10.1016/j.ces.2014.06.032

84. Lu YJ, Zhang TN, Dong XB (2015c) Bed to wall heat transfer in supercritical
water fluidized bed: comparison with the gas-solid fluidized bed. Appl
Therm Eng 88:297–305. https://doi.org/10.1016/j.applthermaleng.2014.09.052

Guo et al. Carbon Neutrality             (2022) 1:4 Page 20 of 22

https://doi.org/10.1016/j.enconman.2005.08.004
https://doi.org/10.1016/S0961-9534(03)00063-1
https://doi.org/10.1021/ef00041a002
https://doi.org/10.1021/ef00041a002
https://doi.org/10.1016/j.supflu.2008.09.007
https://doi.org/10.1016/j.ijhydene.2014.09.119
https://doi.org/10.1016/j.rser.2009.08.012
https://doi.org/10.1016/j.rser.2009.08.012
https://doi.org/10.1016/S1385-8947(00)00255-2
https://doi.org/10.1021/ie00073a026
https://doi.org/10.1016/s0896-8446(01)00105-x
https://doi.org/10.1016/s0896-8446(01)00105-x
https://doi.org/10.1016/j.ijhydene.2018.05.136
https://doi.org/10.1016/j.ijhydene.2018.05.136
https://doi.org/10.1016/j.ijhydene.2020.12.130
https://doi.org/10.1016/j.ijhydene.2020.12.130
https://doi.org/10.1016/j.ijhydene.2016.04.219
https://doi.org/10.1021/acs.energyfuels.0c02735
https://doi.org/10.1021/acs.energyfuels.0c02735
https://doi.org/10.1016/j.ijhydene.2013.07.068
https://doi.org/10.1021/ef502110d
https://doi.org/10.1016/j.ijhydene.2020.01.245
https://doi.org/10.1016/j.ijhydene.2020.01.245
https://doi.org/10.1016/j.supflu.2013.03.025
https://doi.org/10.1016/j.supflu.2013.03.025
https://doi.org/10.1016/j.enconman.2017.04.102
https://doi.org/10.1016/j.ces.2021.117030
https://doi.org/10.1016/j.supflu.2021.105465
https://doi.org/10.1016/j.supflu.2021.105465
https://doi.org/10.1016/j.supflu.2016.08.018
https://doi.org/10.1016/j.supflu.2016.08.018
https://doi.org/10.1021/ie0001570
https://doi.org/10.1021/ie0001570
https://doi.org/10.1016/j.ijhydene.2015.02.110
https://doi.org/10.1016/j.ijhydene.2015.02.110
https://doi.org/10.1016/j.fuproc.2015.11.006
https://doi.org/10.1016/j.fuproc.2015.11.006
https://doi.org/10.1016/j.ijhydene.2008.07.082
https://doi.org/10.1016/j.ijhydene.2008.07.082
https://doi.org/10.1021/acs.iecr.8b00068
https://doi.org/10.1021/acs.iecr.8b00068
https://doi.org/10.1016/j.fuproc.2003.11.034
https://doi.org/10.1016/j.fuproc.2003.11.034
https://doi.org/10.1016/0016-2361(84)90318-1
https://doi.org/10.1016/0016-2361(84)90318-1
https://doi.org/10.1016/j.energy.2010.05.004
https://doi.org/10.1021/ef000144z
https://doi.org/10.1021/ef000144z
https://doi.org/10.1016/s0016-2361(03)00167-4
https://doi.org/10.1016/s0016-2361(03)00167-4
https://doi.org/10.1016/j.ijhydene.2009.02.026
https://doi.org/10.1016/j.ijhydene.2009.02.026
https://doi.org/10.1016/j.ijhydene.2015.12.152
https://doi.org/10.1016/j.ijhydene.2015.12.152
https://doi.org/10.1016/j.ces.2018.12.056
https://doi.org/10.1016/j.ces.2018.12.056
https://doi.org/10.1016/j.partic.2020.11.005
https://doi.org/10.1016/j.partic.2020.11.005
https://doi.org/10.1016/j.powtec.2016.08.025
https://doi.org/10.1016/j.ces.2014.06.032
https://doi.org/10.1016/j.applthermaleng.2014.09.052


85. Lu YJ, Zhang TN, Dong XB (2016) Numerical analysis of heat transfer and
solid volume fraction profiles around a horizontal tube immersed in a
supercritical water fluidized bed. Appl Therm Eng 93:200–213. https://doi.
org/10.1016/j.applthermaleng.2015.09.026

86. Wei LP, Lu YJ, Wei JJ (2013) Hydrogen production by supercritical water
gasification of biomass: particle and residence time distribution in fluidized
bed reactor. Int J Hydrogen Energy 38(29):13117–13124. https://doi.org/10.1
016/j.ijhydene.2013.01.148

87. Lu YJ, Huang JK, Zheng PF, Jing DW (2015a) Flow structure and bubble
dynamics in supercritical water fluidized bed and gas fluidized bed: a
comparative study. Int J Multiphase Flow 73:130–141. https://doi.org/10.101
6/j.ijmultiphaseflow.2015.03.011

88. Lu YJ, Wei LP, Wei JJ (2015b) A numerical study of bed expansion in
supercritical water fluidized bed with a non-spherical particle drag
model. Chem Eng Res Design 104:164–173. https://doi.org/10.1016/j.
cherd.2015.08.005

89. Wei LP, Lu YJ (2016a) Bubble dynamic wave velocity in fluidized bed. Chem
Eng Sci 147:21–29. https://doi.org/10.1016/j.ces.2016.03.007

90. Jin H, Lu Y, Liao B, Guo L, Zhang X (2010) Hydrogen production by coal
gasification in supercritical water with a fluidized bed reactor. Int J Hydrogen
Energy 35(13):7151–7160. https://doi.org/10.1016/j.ijhydene.2010.01.099

91. Jin H, Zhao X, Guo LJ, Zhu C, Cao CQ, Wu ZQ (2017b) Experimental
investigation on methanation reaction based on coal gasification in
supercritical water. Int J Hydrogen Energy 42(7):4636–4641. https://doi.org/1
0.1016/j.ijhydene.2016.06.216

92. Ou Z, Jin H, Ren Z, Zhu S, Song M, Guo L (2019) Mathematical model for
coal conversion in supercritical water: reacting multiphase flow with
conjugate heat transfer. Int J Hydrogen Energy 44(30):15746–15757. https://
doi.org/10.1016/j.ijhydene.2018.09.139

93. Jin H, Guo SM, Guo LJ, Cao CQ (2016) A mathematical model and numerical
investigation for glycerol gasification in supercritical water with a tubular
reactor. J Supercrit Fluids 107:526–533. https://doi.org/10.1016/j.supflu.2015.
06.028

94. Yao L, Lu YJ (2017) Supercritical water gasification of glucose in fluidized
bed reactor: a numerical study. Int J Hydrogen Energy 42(12):7857–7865.
https://doi.org/10.1016/j.ijhydene.2017.03.009

95. Ou Z, Guo L, Jin H, Zhu S, Cao C, Ren C (2018) Numerical study on mixing
of cold-water jet with supercritical bulk flow in a pipe using an improved
algorithm. International Heat Transfer Conference Digital Library Begel
House Inc. https://doi.org/10.1615/IHTC16.mpf.023252

96. Ren C, Jin H, Ren Z, Ou Z, Guo L (2020) Simulation of solid-fluid interaction
in a supercritical water fluidized bed with a cold jet. Powder Technol 363:
687–698. https://doi.org/10.1016/j.powtec.2020.01.034

97. Cheng Z, Jin H, Chen J, Ren Z, Guo L (2020) Numerical study on flow
dynamics characteristics of supercritical water transporting particles under
transcritical temperature conditions driven by pressure difference. Powder
Technol 363:676–686. https://doi.org/10.1016/j.powtec.2020.01.029

98. Jin H, Lu Y, Zhao L, Guo L (2018) Development in the Plolygeneration-
technology based on steaming coal with supercritical water gasification.
China Basic Sci 20(4):4–9,16. https://doi.org/10.3969/j.issn.1009-2412.2018.
04.002

99. Cao W, Guo L, Yan X, Zhang D, Yao X (2018) Assessment of sugarcane
bagasse gasification in supercritical water for hydrogen production. Int J
Hydrogen Energy 43(30):13711–13719. https://doi.org/10.1016/j.ijhydene.201
7.12.013

100. Chen Y, Guo L, Cao W, Jin H, Guo S, Zhang X (2013a) Hydrogen production
by sewage sludge gasification in supercritical water with a fluidized bed
reactor. Int J Hydrogen Energy 38(29):12991–12999. https://doi.org/10.1016/j.
ijhydene.2013.03.165

101. Chen Y, Guo L, Jin H, Yin J, Lu Y, Zhang X (2013b) An experimental
investigation of sewage sludge gasification in near and super-critical water
using a batch reactor. Int J Hydrogen Energy 38(29):12912–12920. https://
doi.org/10.1016/j.ijhydene.2013.05.076

102. Cao C, Xu L, He Y, Guo L, Jin H, Huo Z (2017) High-efficiency gasification of
wheat straw black liquor in supercritical water at high temperatures for
hydrogen production. Energy Fuel 31(4):3970–3978. https://doi.org/10.1
021/acs.energyfuels.6b03002

103. Cao C, Zhang Y, Li L, Wei W, Wang G, Bian C (2019) Supercritical water
gasification of black liquor with wheat straw as the supplementary energy
resource. Int J Hydrogen Energy 44(30):15737–15745. https://doi.org/10.101
6/j.ijhydene.2018.10.006

104. Cao C, Bian C, Wang G, Bai B, Xie Y, Jin H (2020) Co-gasification of plastic
wastes and soda lignin in supercritical water. Chem Eng J 388:124277.
https://doi.org/10.1016/j.cej.2020.124277

105. Zhao S, Wang C, Bai B, Jin H, Wei W (2022) Study on the polystyrene plastic
degradation in supercritical water/CO2 mixed environment and carbon
fixation of polystyrene plastic in CO2 environment. J Hazard Mater 421:
126763. https://doi.org/10.1016/j.jhazmat.2021.126763

106. Chen J, Lu Y, Guo L, Zhang X, Xiao P (2010) Hydrogen production by
biomass gasification in supercritical water using concentrated solar energy:
system development and proof of concept. Int J Hydrogen Energy 35(13):
7134–7141. https://doi.org/10.1016/j.ijhydene.2010.02.023

107. Ozturk M, Dincer I (2021) An integrated system for ammonia production
from renewable hydrogen: a case study. Int J Hydrogen Energy 46(8):5918–
5925. https://doi.org/10.1016/j.ijhydene.2019.12.127

108. Dalena F, Senatore A, Marino A, Gordano A, Basile M, Basile A (2018)
Methanol production and applications: An overview. Methanol:3–28. https://
doi.org/10.1016/B978-0-444-63903-5.00001-7

109. Galindo Cifre P, Badr O (2007) Renewable hydrogen utilisation for the
production of methanol. Energ Conver Manage 48(2):519–527. https://doi.
org/10.1016/j.enconman.2006.06.011

110. Liu Y, Guo L (2020) On factors limiting the performance of
photoelectrochemical CO2 reduction. J Chem Phys 152(10):100901. https://
doi.org/10.1063/1.5141390

111. Wang Y, Shang X, Shen J, Zhang Z, Wang D, Lin J, Wu JCS, Fu X, Wang X, Li
C (2020c) Direct and indirect Z-scheme heterostructure-coupled
photosystem enabling cooperation of CO2 reduction and H2O oxidation.
Nat Commun 11(1):3043. https://doi.org/10.1038/s41467-020-16742-3

112. Wang Q, Warnan J, Rodríguez-Jiménez S, Leung JJ, Kalathil S, Andrei V,
Domen K, Reisner EJNE (2020a) Molecularly engineered photocatalyst sheet
for scalable solar formate production from carbon dioxide and water. Nat
Energy 5(9):703–710. https://doi.org/10.1038/s41560-020-0678-6

113. Liu Y, Bai S, Wang F, Chen Y (2021) Photoelectrochemical technology
for solar fuel generation, from single photoelectrodes to unassisted
cells: a review. Environ Chem Lett. https://doi.org/10.1007/s10311-021-
01364-y

114. Wang Y, Schwartz J, Gim J, Hovden R, Mi Z (2019) Stable unassisted solar
water splitting on semiconductor photocathodes protected by
multifunctional GaN nanostructures. ACS Energy Letters 4(7):1541–1548.
https://doi.org/10.1021/acsenergylett.9b00549

115. Xiao Y, Qian Y, Chen A, Qin T, Zhang F, Tang H, Qiu Z, Lin B-L (2020) An
artificial photosynthetic system with CO2-reducing solar-to-fuel efficiency
exceeding 20%. J Mater Chem A 8(35):18310–18317. https://doi.org/10.1039/
D0TA06714H

116. Pullar RC, Novais RM, Caetano APF, Barreiros MA, Abanades S, Oliveira FAC
(2019) A Review of Solar Thermochemical CO2 Splitting Using Ceria-Based
Ceramics With Designed Morphologies and Microstructures. Front Chem:7.
https://doi.org/10.3389/fchem.2019.00601

117. Hoes M, Muhich CL, Jacot R, Patzke GR, Steinfeld A (2017) Thermodynamics
of paired charge-compensating doped ceria with superior redox
performance for solar thermochemical splitting of H2O and CO2. J Mater
Chem A 5(36):19476–19484. https://doi.org/10.1039/C7TA05824A

118. Haeussler A, Abanades S, Julbe A, Jouannaux J, Cartoixa B (2020) Solar
thermochemical fuel production from H2O and CO2 splitting via two-step
redox cycling of reticulated porous ceria structures integrated in a
monolithic cavity-type reactor. Energy 201:117649. https://doi.org/10.1016/j.
energy.2020.117649

119. Kas R, Kortlever R, Yılmaz H, Koper MTM, Mul G (2015) Manipulating the
hydrocarbon selectivity of copper nanoparticles in CO2 Electroreduction by
process conditions. ChemElectroChem 2(3):354–358. https://doi.org/10.1002/
celc.201402373

120. Liu M, Pang Y, Zhang B, De Luna P, Voznyy O, Xu J, Zheng X, Dinh CT, Fan
F, Cao C, de Arquer FPG, Safaei TS, Mepham A, Klinkova A, Kumacheva E,
Filleter T, Sinton D, Kelley SO, Sargent EH (2016a) Enhanced electrocatalytic

Guo et al. Carbon Neutrality             (2022) 1:4 Page 21 of 22

https://doi.org/10.1016/j.applthermaleng.2015.09.026
https://doi.org/10.1016/j.applthermaleng.2015.09.026
https://doi.org/10.1016/j.ijhydene.2013.01.148
https://doi.org/10.1016/j.ijhydene.2013.01.148
https://doi.org/10.1016/j.ijmultiphaseflow.2015.03.011
https://doi.org/10.1016/j.ijmultiphaseflow.2015.03.011
https://doi.org/10.1016/j.cherd.2015.08.005
https://doi.org/10.1016/j.cherd.2015.08.005
https://doi.org/10.1016/j.ces.2016.03.007
https://doi.org/10.1016/j.ijhydene.2010.01.099
https://doi.org/10.1016/j.ijhydene.2016.06.216
https://doi.org/10.1016/j.ijhydene.2016.06.216
https://doi.org/10.1016/j.ijhydene.2018.09.139
https://doi.org/10.1016/j.ijhydene.2018.09.139
https://doi.org/10.1016/j.supflu.2015.06.028
https://doi.org/10.1016/j.supflu.2015.06.028
https://doi.org/10.1016/j.ijhydene.2017.03.009
https://doi.org/10.1615/IHTC16.mpf.023252
https://doi.org/10.1016/j.powtec.2020.01.034
https://doi.org/10.1016/j.powtec.2020.01.029
https://doi.org/10.3969/j.issn.1009-2412.2018.04.002
https://doi.org/10.3969/j.issn.1009-2412.2018.04.002
https://doi.org/10.1016/j.ijhydene.2017.12.013
https://doi.org/10.1016/j.ijhydene.2017.12.013
https://doi.org/10.1016/j.ijhydene.2013.03.165
https://doi.org/10.1016/j.ijhydene.2013.03.165
https://doi.org/10.1016/j.ijhydene.2013.05.076
https://doi.org/10.1016/j.ijhydene.2013.05.076
https://doi.org/10.1021/acs.energyfuels.6b03002
https://doi.org/10.1021/acs.energyfuels.6b03002
https://doi.org/10.1016/j.ijhydene.2018.10.006
https://doi.org/10.1016/j.ijhydene.2018.10.006
https://doi.org/10.1016/j.cej.2020.124277
https://doi.org/10.1016/j.jhazmat.2021.126763
https://doi.org/10.1016/j.ijhydene.2010.02.023
https://doi.org/10.1016/j.ijhydene.2019.12.127
https://doi.org/10.1016/B978-0-444-63903-5.00001-7
https://doi.org/10.1016/B978-0-444-63903-5.00001-7
https://doi.org/10.1016/j.enconman.2006.06.011
https://doi.org/10.1016/j.enconman.2006.06.011
https://doi.org/10.1063/1.5141390
https://doi.org/10.1063/1.5141390
https://doi.org/10.1038/s41467-020-16742-3
https://doi.org/10.1038/s41560-020-0678-6
https://doi.org/10.1007/s10311-021-01364-y
https://doi.org/10.1007/s10311-021-01364-y
https://doi.org/10.1021/acsenergylett.9b00549
https://doi.org/10.1039/D0TA06714H
https://doi.org/10.1039/D0TA06714H
https://doi.org/10.3389/fchem.2019.00601
https://doi.org/10.1039/C7TA05824A
https://doi.org/10.1016/j.energy.2020.117649
https://doi.org/10.1016/j.energy.2020.117649
https://doi.org/10.1002/celc.201402373
https://doi.org/10.1002/celc.201402373


CO 2 reduction via field-induced reagent concentration. Nature 537(7620):
382–386. https://doi.org/10.1038/nature19060

121. Yao T, An X, Han H, Chen JQ, Li C (2018) Photoelectrocatalytic materials for
solar water splitting. Adv Energy Mater 8(21):1800210. https://doi.org/10.1
002/aenm.201800210

122. Kibria MG, Edwards JP, Gabardo CM, Dinh C-T, Seifitokaldani A, Sinton D,
Sargent EH (2019) Electrochemical CO2 reduction into chemical feedstocks:
from mechanistic Electrocatalysis models to system design. Adv Mater
31(31):1807166. https://doi.org/10.1002/adma.201807166

123. Greenblatt JB, Miller DJ, Ager JW, Houle FA, Sharp ID (2018) The technical
and energetic challenges of separating (photo)electrochemical carbon
dioxide reduction products. Joule 2(3):381–420. https://doi.org/10.1016/j.
joule.2018.01.014

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Guo et al. Carbon Neutrality             (2022) 1:4 Page 22 of 22

https://doi.org/10.1038/nature19060
https://doi.org/10.1002/aenm.201800210
https://doi.org/10.1002/aenm.201800210
https://doi.org/10.1002/adma.201807166
https://doi.org/10.1016/j.joule.2018.01.014
https://doi.org/10.1016/j.joule.2018.01.014

	Abstract
	Introduction
	Coal-based carbon-neutral system by ordered energy conversion and full resource utilization
	Poly-generation based on SCWG of coal: innovational coal utilization, and large-scale and low-cost hydrogen and electricity production
	Principles of supercritical water gasification
	Transport properties and reactant behavior of SCW
	Reaction mechanism and optimization of SCWG

	Key engineering techniques for SCWG
	SCWG-based poly-generation in industrial applications
	Poly-generation for hydrogen and heat generation
	SCWG-based power generation
	Poly-generation for power generation and ammonia production


	Solar fuel generation from water and CO2: large-scale solar energy utilization and carbon recycling
	The basic science of CO2RR powered by solar energy
	Industry development status in CO2 reduction
	Vision for the industrialization indicator and economic analysis

	Perspective
	Conclusion
	Abbreviations
	Acknowledgements
	Data availability statement
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Competing interests
	References
	Publisher’s Note

