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A B S T R A C T   

Supercritical water gasification (SCWG) technology was a clean coal conversion and utilization technology, 
which could decompose low-grade coal into gaseous products and make efficient and clean use of them. How-
ever, system with H2O transporting had much energy consumption on heating transporting medium and side 
reactions at heating process would weaken the gasification effect. Considering the advantages of low critical 
point and low specific heat capacity of CO2, and the precedent of CO2 as a transport medium in non-supercritical 
systems, CO2 was expected to become a transport medium in supercritical water gasification systems and to 
achieve the goal of improving the gasification effect of heating process and reducing energy consumption. A 
supercritical water coal gasification system of was established with lignite as raw material in this paper. Pro-
duction yields of gasification with CO2 as the transporting medium at different working conditions were 
investigated. CO2 and H2O were used as the transporting medium of the system, contrastively. Compared with 
H2O-transporting system, production of H2 and CO2 in CO2-transporting system decreased while that of CH4 and 
CO increased as well. Furthermore, both energy and exergy efficiency of CO2-transporting system were higher 
than that of H2O-transporting system. The result proved the superiority of CO2 as the transport medium of su-
percritical water gasification system.   

1. Introduction 

With the development of society, energy demand and consumption 
are increasing. The current world energy structure is still dominated by 
oil, natural gas and coal. Coal is the most abundant fossil energy in the 
world. 46.1 % of the world’s coal was produced in China in 2016 [1]. In 
China, India and some other countries, coals were widely used in met-
allurgy, chemical industry and power generation, especially the power 
generation [2–4]. 98% of the electricity in Poland came from hard coal 
and lignite [4]. 

As one of the major sources of global electricity, coal-fired power 
generation consumed about half of coal production in China [5]. How-
ever, the coal-fired power station caused much pollution in power 
generation. The insufficient combustion and energy grade of combustion 
led to low energy and exergy efficiency. Moreover, N and S atoms in the 
coals were also transformed into NOX and SOX [6,7]. Coal utilization 
technology was proposed to reduce the pollution and to rise the effi-
ciency [8,9]. 

Supercritical water gasification was one of the coal utilization 

technologies with high efficiency [10,11]. At high temperature and 
pressure of water environment, complex organic feedstock such as coals 
was decomposed into H2, CO2 and other products such as CH4, CO, oil 
and ash [12]. Water in supercritical phase not only played as a source of 
hydrogen and free radicals [13], but behaved like a catalyst as well [14], 
which led to the single-phase reaction environment in the reactor [15]. 
Moreover, supercritical water was a desirable reaction medium which 
could enhance mass transfer, prevent coke formation and avoid catalyst 
poisoning [16,17]. In order to avoid the introduction of other sub-
stances, water was generally used as the transporting medium to move 
the feedstock in previous supercritical researches and it could avoid the 
costly feedstock de-watering or drying [15]. In previous studies, many 
researchers investigated the energy and exergy of their own gasification 
system with H2O transporting. Chen et al. did the thermodynamic, 
environmental analysis and comprehensive evaluation to obtain the 
optimal conditions [18]. A power generation system with integrated 
coal supercritical water gasification was established, in which coal- 
water-slurry concentration and the outlet pressure of the supercritical 
turbine were studied in another research [19]. Nurdiawati et al. estab-
lished a novel system to produce H2 from microalgae efficiently [20]. 
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The Achilles’ heel was that side reactions at low temperature made 
the material react with water in temperature rising process. These side 
reactions were not conducive to the gasification reaction production and 
should be weakened [21]. Meanwhile, much heat was consumed in this 
process [22]. Mu et al. considered coal water slurry concentration as the 
key factor in supercritical gasification and believed the heating of water 
was the maximum exergy [23]. And our group showed that much heat 
was input into the system in gasification reactor [24]. A part of heat 
input was used to heat the transporting medium. Some researchers tried 
to increase the heating rate and reduce the resistance time of heating 
process [25,26], but reports on changing transporting medium were 
few. 

On the other hand, supercritical CO2 was also used as particle 
transporting medium [27]. He et al. added solid particles into the su-
percritical CO2 to erode hard rocks and cut metals [28]; Sun et al. 
derived equilibrium flow rate model of proppant-carrying flow of su-
percritical CO2 [29]; Hou et al. proposed an evaluation method to esti-
mate the supercritical CO2 thickening result for particle transporting 
[30]. Supercritical CO2 showed good characteristics in pneumatic 
conveying in these researches. Compared with water, CO2 had low 
critical point (31.3 ◦C and 7.38 MPa) [31] and low specific heat capacity 
[32], which meant CO2 could cross the large specific heat region. Side 
reactions at low temperature were inhibited and the conversion rate of 
feedstock was high. Therefore, it was expected to inhibit side reactions 
and reduce the energy consumption if the transporting medium was 
changed to CO2. 

Based on these goals, a system of supercritical gasification was 
established in this paper. Gas production at different temperature, 
pressure and feedstock concentration (the ratio of H2O, CO2 and sample) 
was investigated to show the influence of factors. In addition, influence 
of these factors on the system energy and exergy analysis was also 
researched. 

2. Materials and methods 

2.1. Materials 

The Yimin lignite from China was used in this paper, the same to the 
raw material in previous research [33]. The elemental and proximate 
analysis was shown in Table 1. It was obviously the elements of N and S 

contained no more than 1 wt% and the influence of these elements could 
be ignored to simplify the model. 

2.2. Structure of system 

Fig. 1 showed the structure of gasification system. It could be divided 
into four modules, the supercritical water module with water tank, 
pump, regenerator and preheater (blue pipe), the feedstock module with 
CO2 tank, compressor and coal bunker (yellow pipe), the reaction 
module with gasification reactor, regenerator and valve (red pipe), the 
separation and purification module with separator, pressure swing 
adsorption (PSA) absorbers, high-purity H2 tank and fuel tank (purple 
pipe). Moreover, a similar system was established in which H2O was 
used as the transporting medium. In this H2O-transporting system, CO2 
tank and compressor in the feedstock module were replaced by H2O tank 
and pump. 

Water from the water tank was pressurized by pump and heated by 
regenerator and preheater in the supercritical water module. Lignite was 
mixed with high-pressure CO2 in the feedstock module. Productions in 
gasification reactor were calculated based on the lowest Gibbs free en-
ergy. The products and supercritical water output from the gasification 
reactor were cooled down and depressurized in regenerator and valve. 
In the separation and purification module, water was separated by 
separator and about 20 % of H2 was purified by PSA module and stored 
in high-purity H2 tank. H2 could be separated from other gaseous pro-
duction in PSA module and the purity of H2 reached 99.99% [34,35]. 

2.3. Measurement parameters 

The mass flow and mole flow of the products were considered the 
production of each product. The yield was considered as the production 
per kilogram of lignite. The yield of product X could be calculated as 
follow: 

yX =
nX

msample
*100% (1) 

Reaction heat equaled the enthalpy difference between products and 
reactants at the reaction condition. 

Q =
∑

reactant
H −

∑

product
H (2) 

Nomenclature 

En Energy 
Ex Exergy 
HE Hydrogen conversion rate 
LHV Low heating value 
M Molecular weight 
Mr Mass percent of element 
m Mass flow 
P Power 
PSA Pressure swing adsorption 
Q Quantity of heat 
SCWG Supercritical water gasification 
y Yield 

Greek symbols 
η Efficiency 
ΔH Endothermic quantity 
ΔHf

0 Standard molar enthalpy of formation 
ω Mass fraction 

Subscripts 
ad Air drying base 
en Energy 
ex Exergy 
H2, CH4, CO, CO2 The name of the products 
X The name of product X 
x,y,z The name of sample CxHyOz  

Table 1 
The elemental and proximate analysis of Yimin lignite.  

Feedstock Elemental analysis/ wt% Proximate analysis/ wt% Lower heating value/ MJ⋅kg− 1 

Yimin lignite Cad Had Nad Sad O ad * Mad Aad Vad FCad 17.74 
40.50 3.25 0.57 0.19 21.43 18.42 15.64 32.21 33.73 

*: By difference; ad: air drying base; M: moisture, A: ash, V: volatile matter; FC: fixed carbon. 
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The hydrogen conversion rate (HE) was calculated as the quotient 
between hydrogen in products and hydrogen in feedstock. 

HE =
mH2 +

1
4mCH4

msample*ωH
*100% (3) 

Energy and exergy efficiency was defined as the quotient of the 
output and input, as follow: 

ηEn =
EnProducts

PCompressor + Qinput + EnSample
*100% (4)  

ηEx =
ExergyProducts

PCompressor +
∫ (

1 − T0
T

)
δQ + ExSample

*100% (5)  

3. Results and discussion 

3.1. Calculation of reaction heat 

Without the influence of N and S elements, the sample of the research 
was defined as CxHyOz, whose lower heating value at standard condition 
(25 ◦C and 0.1 MPa) could be calculated by Mendeleev’s formula or 
measured by experiment. Thermochemical equation of gasification and 
its heat absorption were all calculated. The derivation process was as 

follow. 
The main reactions were shown in (6) to (8) [36–38]. The steam 

reforming reaction was the most crucial and assumed to be completely 
shifted to the right side due to plenty of H2O input into the reactor [37]. 

Steam reforming reaction: 

CxHyOz(s) + (2x - z) H2O(g)→xCO2(g) + (2x +
y
2

- z)H2(g) (6) 

Water-gas shift reaction: 

CO(g) + H2O(l)→CO2(g) + H2(g) (7) 

Methanation reaction: 

CO(g) + 3H2(g)→CH4(g) + H2O(l) (8) 

The relative molecular mass of the sample and mass fraction of each 
element was shown in (9) to (12). 

M = (12x+ y + 16z) g/mol (9)  

MrC =
12x
M

∗100\% (10)  

MrH =
y
M

∗100\% (11)  

MrO =
16z
M

∗100\% (12) 

The Lower heating value of the sample was calculated by Mende-
leev’s formula, shown in (13). 

LHV = (339 ∗ MrC∗100 + 1030 ∗ MrH∗100 - 109 ∗ Mro∗100) kJ/kg (13) 

Thermochemical equation of its complete combustion was shown in 
(14). 

CxHyOz(s) + (x +
y
4

-
z
2
) O2(g)→xCO2(g) +

y
2
H2O(l)

ΔH = LHV∗M = (406.8 x + 103 y - 174.4 z) kJ/mol (14) 

The enthalpy formation of the sample could be calculated with this 
equation.   

So the thermochemical equation of gasification reaction at standard 
condition was shown in (16).   

The coefficient a and b represented the mole production of H2 and 
CO2 per mole of sample, respectively. H2 and CO2 contained most of the 
mole production of gasification. 

At the reaction condition whose temperature was T ◦C and pressure 
was P MPa, heat absorption of the reaction could be calculated by Hess’s 
law. The thermochemical equation was as follow:   

ΔH0
f = [ - (393.51 + 12 ∗ LHV) x - (142.92 + LHV) y kJ/mol - (16 ∗ LHV)z]kJ/mol

= (- 800.31 x − 245.92y + 174.4z) kJ/mol
(15)   

CxHyOz(s) +
4x - y - 4z + 2a + 4b

6
H2O(l) ̅̅̅̅̅̅̅̅̅ →

25 oC; 0.1 MPa aH2(g) +
2x + y - 2z - 2a + 2b

6
CH4(g) +

4x - y + 2z + 2a - 8b
6 

CO(g) + b CO2(g)
ΔH = [(485.44 + 12 ∗ LHV)x + (101.225 + LHV)y − (202.45 − 16*LHV)z + 83.39a − 80.54b) ]kJ/mol

= (892.24x + 204.225y − 376.85z + 83.39a − 80.54b) kJ/mol (16)   
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HE =
4x + 2y − 4z + 2a + 4b

3y
(18) 

The increase of mole fraction of C element (x) of the sample could 
make the increase of carbon-containing products, especially the pro-
duction of CO2 (b). As a result, the consumption of H2O in the reactants 
decreased while the production of CH4 and CO2 increased. Meanwhile, 
the increase of mole fraction of H element (y) could also lead to the 
increase of H2 production (a). And the production of H2 increased with 
it. 

3.2. The influence of temperature and pressure on gas production 

The mass of each substances reacted or produced in the gasification 
of each temperature and pressure was shown in Table 2. It showed that 
mass flow of H2, CO and CO2 increased with temperature and decreased 
with pressure. That of CH4 had the contrary trend. At low temperature, 
heat absorption of the reaction was at negative value and this data 
increased with more heat absorbed at high temperature. At 800 ◦C, the 
heat absorption reached 61.10 kW. 

Steam reforming reaction (6) was the most crucial reaction as 
mentioned, so the products of steam reforming reaction, H2 and CO2, 
became the main mole products of the gasification and the gasification 

Table 2 
Consumption and production of gasification at different temperature and pressure.  

Temperature (◦C) Pressure (MPa) Reactants (kg/h) Products (kg/h) Reaction heat (kW) HE (%) 

Lignite H2O H2 CH4 CO CO2 

600 23 100  16.79  3.98  19.54  2.53  90.74  − 6.87  119.68 
625 23 100  19.91  4.74  17.89  3.46  93.82  0.64  124.42 
650 23 100  23.20  5.56  16.09  4.63  96.91  10.28  129.41 
675 23 100  26.57  6.42  14.18  6.06  99.92  17.37  134.55 
700 23 100  38.79  7.30  12.19  7.75  102.70  26.34  139.68 
725 23 100  33.19  8.17  10.19  9.70  105.13  35.47  144.62 
750 23 100  36.18  8.99  8.24  11.87  107.09  44.51  149.17 
775 23 100  38.79  9.74  6.42  14.17  108.47  53.15  153.15 
800 23 100  40.91  10.38  4.80  16.51  109.21  61.10  156.37 
650 23 100  23.20  5.56  16.09  4.63  96.91  10.28  129.41 
650 25 100  22.12  5.31  16.63  4.44  95.74  6.97  127.78 
650 27 100  21.13  5.08  17.11  4.28  94.67  5.36  126.28 
650 29 100  20.23  4.86  17.56  4.13  93.68  3.88  124.91  

Fig. 1. Structure of the gasification system.  

CxHyOz(s) +
4x - y - 4z + 2a + 4b

6
H2O(sc) ̅̅̅̅̅̅̅ →

T oC; P MPa aH2(sc) +
2x + y - 2z - 2a + 2b

6
CH4(sc) +

4x - y + 2z + 2a - 8b
6

CO(sc) + b CO2(sc)

ΔH

= [− a*(hT,P,H2 − h25,0.1,H2 ) −
2x + y − 2z − 2a + 2b

6
*(hT,P,CH4 − h25,0.1,CH4 ) −

4x − y + 2z + 2a − 8b
6

*(hT,P,CO − h25,0.1,CO) − b*(hT,P,CO2 − h25,0.1,CO2 )

+(892.24x + 204.225y − 376.85z + 83.39a − 80.54b)

+(hT,P,sample − h25,0.1,sample) +
4x − y − 4z + 2a + 4b

6
(hT,P,H2O − h25,0.1,H2O)] kJ/mol

(17)   
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reaction was mainly the endothermic reaction in this research which 
was because the value of heat released by methanation reaction (8) was 
lower than the value of heat absorbed by other reactions at high tem-
perature. CO was produced by H2 and CO2 in the reverse reaction of 
water–gas shift reaction (7) and CH4 was produced in methanation re-
action (8). High temperature would promote the endothermic reactions 
such as the steam reforming reaction (6) and the reverse reaction of 
water–gas shift reaction (7), and it could also inhibit the exothermic 
reactions such as methanation reaction (8). As a result, production of H2, 
CO and CO2 increased while that of CH4 decreased with temperature. In 
addition, heat absorption of the total reaction increased. It could also 

explain the fact that methanation reaction (8) released more heat at low 
temperature and the heat absorption of gasification reaction was nega-
tive. Summary of mole coefficients of gas products was higher than that 
of gas reactants in steam reforming reaction (6), which meant that steam 
reforming reaction (6) was inhibited by pressure. Meanwhile, metha-
nation reaction (8) was promoted as well. The reaction heat absorption 
also decreased with pressure. Total mass production of the products 
equalled the mass consumption of reactants which increased with tem-
perature and decreased with pressure. Gasification reaction was an 
endothermic reaction at high temperature and promoted at high tem-
perature. Heat absorption of the reaction also increased as shown in 

Fig. 2. Influence of (A) Temperature and (B) Pressure on the mole production of each substance.  

Fig. 3. The production at different input ratio of each substance (A) mass production; (B) mole production (650 ◦C, 23 MPa).  

Fig. 4. (A) Yields of gas products and (B) HE at different input ratio.  

W. Wang et al.                                                                                                                                                                                                                                  
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Table 2. With the production of gas products, the pressure of the reactor 
increased and the reaction was inhibited. In addition, HE showed the 
conversion efficiency of H atoms. HE increased from 119.68 % at 600 ◦C, 
23 MPa to 156.37 % at 800 ◦C, 23 MPa. Meanwhile, HE decreased about 
1.5 % from 23 MPa to 29 MPa at 650 ◦C. According to the law of con-
servation of atoms, H atoms in products equalled those in reactants. The 
mass flow of feedstock was stable and HE was positively correlated with 
consumption of water in the reactant. 

Fig. 2 showed the influence on mole production of the substances. It 
was obvious that the mole production of CO increased and that of CH4 
decreased with temperature. Meanwhile, mole production of H2 
increased sharply and that of CO2 also increased. The mole production of 
H2 per mol of lignite increased more than that of CO2 with temperature, 
which caused the increase of (a-b) in (17). Moreover, the mole pro-
duction of CH4 decreased and that of CO increased. 

3.3. The influence of the ratio of H2O, CO2 and lignite on gas production 

In previous researches on supercritical gasification, the feedstock 
concentration was no more than 25 % [39–42]. Then the mass ratio of 
H2O and lignite in this paper was no less than 3:1. Meanwhile, the solid 
phase volume fraction of supercritical CO2 transporting cutting was al-
ways no more than 10 vol% [28,30,43–45]. The density of CO2 at 650 ◦C 
and 23 MPa was 124.32 kg/m3 and the density of lignite was about 
1450–1800 kg/m3 [46,47]. The mass ratio of CO2 and lignite in this 
paper was no less than 1:1. 

Fig. 3 showed the gas production at different ratios of H2O, CO2 and 
lignite. Each gas production increased with the mass flow of lignite. At 
low concentration of lignite, H2 and CO2 was the main mole products. 
Meanwhile, the mole fraction of CH4 contained no more than 15 mol% 

when the lignite concentration was lower than 10 wt%. Mole fraction of 
CH4 increased sharply at high lignite concentration and reached 22.27 
mol% at the ratio equaled 8:9:3. The production of H2, CH4 and CO2 
increased with the concentration of sample when one of the proportion 
of H2O or CO2 input was kept constant. 

The gas yield was shown in Fig. 4, the yields of H2, CH4 and CO2 
increased with the proportion of lignite, especially the yield of CH4. 
Yield of CO decreased with the mass flow of lignite. Moreover, yield of 
CO increased with the proportion of CO2 input while the yield of CO2 
decreased. 

Free radical reactions were dominant over ionic reactions in super-
critical water [48]. As mentioned above, supercritical water played as a 
source of H and free radicals [13]. The decrease of water or the increase 
of lignite meant less H and free radicals provided by supercritical water 
per kilogram of lignite. The yield of H2 decreased [15]. In addition, the 
increase of CO2 inhibited the yield of CO2 according to Le Chatelier’s 
principle. In conclusion, the decrease of water or the increase of lignite 
made the coefficient (a) in (17) decrease and the the increase of CO2 
made the coefficient (b) decrease. When the coefficient (a) increased 
faster than (b), the yield of CH4 decreased while that of CO increased. HE 
also increased with the H and free radicals provided by supercritical 
water per lignite increment, decreased with the decrease of water or the 
increase of lignite inhibited as mentioned. 

3.4. The influence of transporting medium on gas production 

The H2O-transporting system was used to compare with the CO2- 
transporting system and the influence of transporting medium was 
investigated. Parameters such as the reaction temperature, pressure, the 
ratio of H2O, transporting medium and lignite in the H2O-transporting 

Fig. 5. (A) Gas production of each product and (B) HE and the heat absorption in double reactions.  

Fig. 6. The energy consumption and production at (A) different temperature; (B) different pressure.  

W. Wang et al.                                                                                                                                                                                                                                  
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system were in the same range. Fig. 5 showed the production of both 
systems. With extra CO2 input into the CO2-transporting system, the 
reaction equilibrium shifted to the direction of weakening CO2, which 
meant part of H2 in the products was used to reduce CO2. As a result, the 
products of the system contained less H2 and CO2 and the production of 
CH4 and CO increased. The production of H2, CH4, CO, CO2 were 5.56 
kg/h, 16.09 kg/h, 4.63 kg/h and 96.91 kg/h in CO2-transporting system 
while the production in H2O-transporting system was 6.78 kg/h, 13.77 
kg/h, 2.73 kg/h and 106.31 kg/h. HE in the system transported by CO2 
and H2O were 129.41 % and 138.08 %. Heat absorption of CO2-trans-
porting system was 8.75 kW. 

The change of transporting medium from H2O to CO2 meant more 
CO2 and less H2O input into the system, which could inhibit the gasifi-
cation reaction according to Le Chatelier’s principle. As a result, the 
production and HE decreased. Heat absorption of the reaction also 
decreased. (17) could also tell the trend. The mole production of total 
products was (a + x), which increased with the yield of H2 linearly. The 
changed caused less H2 and the coefficient (a) of H2 in (17). Then the 
total production decreased. HE decreased with both (a) and (b) shown in 
(18). In conclusion, the change from H2O to CO2 inhibited the reaction. 

4. Energy and exergy analysis of the gasification system 

4.1. Energy and exergy analysis in different temperature and pressure 

It was obvious that the energy consumption increased with both 
temperature and pressure shown in Fig. 6. The mass flow of lignite was 
same and the input of feedstock was stable. Energy consumption in 

pump and compressor was negligible. Therefore, the analysis of energy 
consumption in preheater and reactor was the key of the energy input in 
the whole system. 

The output water from regenerator was at 400 ◦C and the heat 
consumption of preheater was used to heat the water from 400 ◦C to 
reaction temperature. The specific heat capacity of supercritical phase 
decreased with temperature slightly [49]. The heat consumption 
increased almost linear and the difference between adjacent tempera-
ture range decreased slightly. 

In addition, the energy consumption in reactor could be divided into 
three parts, energy to heat the feedstock (CO2 and lignite), the heat 
absorption of gasification reaction and the energy loss of the reactor. 
The first part to heat feedstock was similar as the energy consumption of 
preheater which increased with temperature. The gasification reaction 
was an endothermic reaction as shown in Table 2, which absorbed much 
heat at high temperature. Therefore, the second part increased with 
temperature as well. High temperature meant high temperature differ-
ence with the environment and high temperature difference caused 
much energy loss. In conclusion, energy consumption increased with 
temperature. 

As for pressure, the difference of specific heat capacity increased 
with pressure [50]. So the energy consumption of preheater also 
increased. It was found that gasification reaction was inhibited with 
pressure shown in Fig. 2, which resulted in the decrease of energy 
consumption in reactor although the energy consumption to heat feed-
stock increased. 

Energy production approximately equaled the energy of gasification 
products at standard condition. In (16), heat absorption at standard 

Fig. 7. The exergy consumption and production at (A) different temperature; (B) different pressure.  

Fig. 8. The energy (A) consumption and (B) production at different mass flow of H2O and lignite.  
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condition increased with (83.39a-80.54b). As shown in Fig. 2, the mole 
production of H2 increased much faster than that of CO2 with temper-
ature and (83.39a-80.54b) increased as well. As a result, the heat ab-
sorption at standard condition increased. According to the law of 
conservation of energy, the energy of products equaled the summary of 
the energy of reactants and heat absorption. Energy of reactants equaled 
the chemical energy of lignite. Therefore, energy production of the 
system increased with temperature. Meanwhile, the mole production of 
H2 and CO2 had similar growth trends, which resulted in the slight 
decrease of energy production. 

The exergy consumption of each module was same as the energy 
consumption. The chemical exergy of lignite was used the modifier 
formula in previous research [24,51]. The results of exergy were shown 
in Fig. 7. The trend of exergy consumption was similar with that of 

energy consumption while the exergy production was lower than energy 
production. The increasing trend of exergy production was also slower 
than that of energy production due to more loss in the form of heat. 

4.2. Energy and exergy analysis at different ratio of H2O, CO2 and lignite 

The energy consumption and production of the system increased 
with both lignite and H2O as shown in Fig. 8 (A). Energy in feedstock 
was proportional to the mass flow of lignite while the energy con-
sumption of pump and preheater also was proportional to the mass flow 
of H2O. Energy to heat feedstock was influenced by the mass flow of CO2 
and that of lignite. Gasification reaction was promoted by the increase of 
H2O and lignite. Heat loss of reactor was influenced slightly by feedstock 
concentration. Finally, the energy in feedstock only increased with 

Fig. 9. The exergy (A) consumption and (B) production at different mass flow of H2O and lignite.  
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lignite sharply and energy consumption only increased with H2O 
sharply. The energy consumption of reactor decreased with both lignite 
and H2O. The total energy consumption increased with both lignite and 
H2O under the combined influence. 

Energy production was affected by the production of gas products. 
All the products increased with the mass flow of lignite. The increase of 
CO2 and decrease with H2O inhibited the gasification reaction. As a 
result, the energy production increased with H2O and decreased with 
CO2. 

Consumption and production of exergy in the system showed same 
trend with those of energy, as shown in Fig. 9. Exergy input changed in 
the range of 578.93 kW to 1140.52 kW. The main input into the system 
was the chemical exergy in feedstock, containing more than 60 % of the 
total input. The exergy production of the system had an increase of about 
200 kW when the increase of lignite mass flow was 50 kg/h and an in-
crease of 25 kW when the increase of H2O mass flow equaled 200 kg/h. 

4.3. Energy and exergy analysis in the systems with different transporting 
mediums 

Energy flow of both systems were shown in Fig. 10. Energy con-
sumption in reactor, preheater and energy in feedstock was the main 
input of the system and the energy in fuel and pure H2 was the main 
products of the system. In addition, some energy released to the envi-
ronment in the form of heat. 

As mentioned before, the energy consumption was only influenced 
by the mass flow of main water flow. And the values in both systems 
were same. Energy to heat feedstock was less with CO2 transporting due 
to the low critical point and specific heat capacity of CO2. CO2 inhibited 
the gasification reaction while H2O promoted it, according to Le Cha-
telier’s principle. As a result, the reaction would absorb more heat in 
H2O-transporting system. Heat loss in H2O-transporting system was also 
higher than that in CO2-transporting system. In conclusion, H2O-trans-
porting system had more energy consumption in reactor than CO2- 
transporting system. So the total energy input into the H2O-transporting 
system was high. 

As shown in Fig. 5, H2O-transporting system produced more H2 while 
the CO2-transporting system produced more CH4. It resulted in more 
energy contained in pure H2 in H2O-transporting system while fuel gas 
in CO2-transporting system contained more chemical energy. The total 
energy consumption was 482.00 kW (CO2-transporting system) and 
489.54 kW (H2O-transporting system), contrastively. 

Much more energy was input into the H2O-transporting system but 
the energy productions were similar. Therefore, the H2O-transporting 
system had low energy efficiency and high energy loss. The energy ef-
ficiency of the H2O-transporting system was 59.49 % while that of CO2- 
transporting system was 64.61 %. The energy loss of the H2O-trans-
porting system equaled 333.38 kW while that of CO2-transporting sys-
tem was 264.06 kW. It proved that system with CO2 transporting had 
ability to save the energy. 

Exergy flows were same in both systems shown in Fig. 11. It was 
obvious that the main exergy input was still reactor, preheater and the 
exergy in feedstock. The two parts of exergy output were lower than 
energy production while the exergy loss was higher than energy loss. 
The exergy input of CO2-transporting system was 862.87 kW while that 
of H2O-transporting system was 923.14 kW. Exergy output was 444.77 
kW and 435.47 kW, contrastively. The system with H2O transporting 
caused more exergy input and obtained less exergy output, resulting in 
its low exergy efficiency. On the other hand, the exergy loss of CO2- 
transporting was 418.09 kW, much lower than that of H2O-transporting 
system which equaled 487.67 kW. 

5. Conclusion 

This paper established a coal supercritical gasification system and 
Yimin lignite was selected as the sample. The influence of reaction 

condition such as temperature, pressure and feedstock concentration on 
gas production was investigated. In addition, energy and exergy con-
sumption in the gasification system was also researched. The results 
were as follows:  

(1) Mass flow of H2, CO and CO2 increased with temperature and 
decreased with temperature. That of CH4 had the contrary trend. 
Mole production of CO increased from 0.09 kmol/h to 0.58 kmol/ 
h and that of CH4 decreased from 1.22 kmol/h to 0.30 kmol/h 
with temperature. Meanwhile, mole production of H2 increased 
sharply from 1.99 kmol/h to 5.19 kmol/h and that of CO2 also 
increased about 0.42 kmol/h.  

(2) Each gas production increased with feedstock concentration. The 
yields of H2, CH4 and CO2 increased with lignite while yield of CO 
decreased. Yields of H2, CH4, CO and CO2 were 30.95 mol/kg, 
8.43 mol/kg, 4.76 mol/kg and 20.44 mol/kg when feedstock 
concentration was 5 wt%. The yields reached 12.57 mol/kg, 
13.80 mol/kg, 1.85 mol/kg and 18.10 mol/kg at 20 wt% feed-
stock concentration.  

(3) Energy and exergy input into the system increased with both 
temperature and pressure. They also increased with the mass flow 
of both lignite and H2O. Energy and exergy input increased from 
693.10 kW and 808.65 kW at 600 ◦C to 912.43 kW and 1027.99 
kW at 800 ◦C, respectively. Energy and exergy production 
increased from 466.56 kW and 449.96 kW at 23 MPa to 532.27 
kW and 490.44 kW at 29 MPa, respectively. Energy input 
changed in the range of 475.16 kW to 921.19 kW with the mass 
flow of different input. Energy production increased with mass 
flow of lignite and H2O and decreased with that of CO2. Exergy 
input increased from 578.93 kW to 1140.52 kW and exergy 
production increased in the range of 252.91 kW to 714.05 kW.  

(4) H2O-transporting system had high energy and exergy input and 
low exergy obtained. Energy production of H2O-transporting 
system was higher than energy production of CO2-transporting 
system but the difference between the production was no more 
than 1.5 %. Energy and exergy efficiency of CO2-transporting 
system were 64.61 % and 53.04 %, respectively. And those of 
H2O-transporting system were 59.49 % and 48.42 %, 
respectively. 
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