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Supercritical water gasification technology is an efficient and clean way to use the coal.

This technology can convert carbon and hydrogen elements of coal into the mixtures of

H2O/H2/CO2 that can be used for electricity generation. The acquisition of PVT properties of

H2O/H2/CO2 mixtures is one of the most critical issues in realizing the design and operation

of thermal power generation system using this technology. However, no experimental,

theoretical and simulation studies exist regarding the PVT properties of H2O/H2/CO2 in the

near-critical and supercritical regions of water. In this paper, the molecular dynamics

simulations of the PVT properties of H2O/CO2 mixtures are carried out and the theoretical

calculations are conducted based on the equation of state, and the results are compared

with the experimental values. Moreover, the PVT properties for H2O/H2 mixtures and H2O/

H2/CO2 mixtures in the near-critical and supercritical regions of water are predicted using

molecular dynamics simulation and compared with the calculation results of the equation

of state. The results of this paper are of great significance to the development of super-

critical water gasification of coal, and could offer the reference for the application of H2O/

H2/CO2 mixtures in practical production.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
into carbon monoxide and hydrogen at high temperatures

Introduction

Coal has the advantages of large storage capacity and better

economy compared with oil and natural gas. Coal gasification

has drawn much attraction as efficient and clean coal utili-

zation technologies. The integrated gasification combined

cycle (IGCC) is a popular way of coal gasification [1e5]. As

traditional coal gasification technology, IGCC converts coal
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with a controlled amount of oxygen and/or steam [6,7]. How-

ever, the coal gasifier of IGCC mostly operates in gas envi-

ronments, so expensive and specialized equipments are

necessary for the purification of the raw gas and CO2 emission

reduction [8]. Coal and supercritical water gasification is

another promisingway of coal gasification [9e16]. Guo et al. [8]

proposed a novel thermodynamics cycle power generation

system based on coal and supercritical water gasification and
singhua.edu.cn (B. Cao).

evier Ltd. All rights reserved.

mailto:xuemingyang@ncepu.edu.cn
mailto:caoby@tsinghua.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2018.04.214&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2018.04.214
https://doi.org/10.1016/j.ijhydene.2018.04.214
https://doi.org/10.1016/j.ijhydene.2018.04.214


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 1 0 9 8 0e1 0 9 9 0 10981
multi-staged steam turbine reheated by hydrogen combus-

tion. In their process of coal and supercritical water gasifica-

tion, the organic matter of coal is completely gasified in

supercritical water condition and the elements C, H and O are

mainly converted into H2 and CO2; N, S and other harmful

substance precipitate as inorganic salts. The mixed working

medium of supercritical water and clean H2 and CO2 flows out

of reactor (gasifier) into the steam turbine to generate elec-

tricity. The power generation system based on coal and su-

percritical water gasification has many advantages, such as

high coal-electricity efficiency, zero net CO2 emission and no

pollutants, and so on, thus shows good prospects [8,17].

Obtaining the PVT properties of H2O/H2/CO2 mixtures is a

prerequisite for the design and optimization of a thermody-

namic system based on coal and supercritical water

gasification.

The PVT properties are the most fundamental thermody-

namic properties for compressible fluid. Researchers have

conducted a large number of experimental measurements on

the PVT properties of common fluids and their mixtures

[18e25]. It is very difficult tomeasure the relationship between

the pressure, volume, and temperature of the compressible

fluid under extreme circumstances. To investigate the PVT

properties of the compressible fluid under high temperature

and pressure, two approaches are generally employed: the

first adopts theoretical prediction models to expand experi-

mental data [26,27], and the other uses computer simulation

[28e31]. The common theoretical predication models of PVT

properties can be divided into the cubic equation of state

models, thermodynamic perturbationmodels, perturbed hard

chain models and others. Among these models, the

PengeRobinson (PR) equation model is widely used in the

calculation of PVT properties due to the relatively high

computational accuracy for fluid volumetric properties and

thermodynamic properties. Kato et al. [26] reported the binary

interaction coefficient of the PR equation of state in calcu-

lating the carbon dioxide-n-paraffin mixtures. Adrian et al.

[27] used PR equation of state to study the phase equilibrium

of ternary mixtures of carbon dioxide-water-polar solvent.

Belonoshko et al. [28,29] performed molecular dynamics (MD)

simulations of PVT properties for pure fluid (water, carbon

dioxide, hydrogen, etc.), and their results are in good agree-

ment with those of the theoretical model and experimental

results. Although extensive studies have been conducted on

the PVT properties for H2O/CO2 binary mixtures, to the best of

our knowledge, no reports are available assessing PVT prop-

erties for H2O/H2/CO2 ternary mixtures and H2O/H2 binary

mixtures in the near-critical and supercritical regions of

water. In this paper, the PVT properties of H2O/H2/CO2 mix-

tures and H2O/H2 mixtures are predicted via molecular dy-

namics simulations, and their theoretical prediction models

are also discussed.
Methodology

Potentials for molecular dynamics simulation

The potentials and the force fields play an important role in

the process of molecular dynamics simulation. Therefore, it is
important to select the appropriate potentials and force field

models for the MD simulation of prediction on the PVT prop-

erties. In this study, the Lennard-Jones potential considering

Coulomb's force is adopted, and the expression is as follows:

uij ¼
Xm
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where uij is the interaction potential energy between mole-

cules i and j, εklij and skl
ij are the interaction parameters of L-J

potential which represent the energy parameter and scale

parameter, respectively. rklij is the distance between atom k and

atom l, qk
i and ql

jare the quantity of electric charge of k and l,

respectively. ε0 is the dielectric constant.

There have been extensive experimental studies on the

physicochemical properties of pure water, and the re-

searchers have put forward various force fieldmodels of water

molecule [32,33]. These models can be divided into two cate-

gories: the continuummediummodel and the explicit solvent

model. The explicit solvent model is widely used in molecular

dynamics simulation because of its good certainty and oper-

ability. The SPC/E model (one of the explicit solvent model) is

widely applied to the simulation of water molecules [32].

Zhang et al. [33] suggest that the SPC/E model can still guar-

antee its accuracy in the simulation of PVT properties for pure

water even when the temperature and pressure reach

1873.15 K and 5.0 Gpa, respectively. In this study, the SPC

model [34], SPC/E model [33], and TIP4P-2005 model [35] are

adopted and compared in the prediction of the PVT properties

for pure water. Researchers have also done many studies on

carbon dioxide molecules, and put forward many force field

models for describing interaction of CO2 molecules. The

TraPPE [36], EPM2 [37], and MSM3 [38] models are commonly

used for the force field model of CO2 molecules. In this work,

we adopt the EMP2 model, which is the modified EPM model

improved by Harris et al. [37], to describe the interaction of

CO2 molecules. Unlike the H2O and CO2 molecules, the types

of the force field model for H2 is less, and there are two

commonly used force field models for H2, the two-site model

[39] and single site model [40]. In fact, the simulation results

using these force field models for H2 are generally in good

agreement with the experimental data because of the simple

structure. The two-site model is used in this paper. Table 1

shows the force field parameters of the models used in this

work.

One of the key to the molecular dynamics simulation for

the systemwith different types ofmoleculesmixed is to select

proper potentials for the interactions between these mole-

cules. The Lorentz-Berthelot [41] and Kong [42] rules are the

commonly used combining rules which to solve the interac-

tion parameters of the potential. Duan et al. [31] calculated the

interaction parameters of H2O molecule and CO2 molecule by

using these two combining rules. They found that the simu-

lation results of the PVT properties for H2O/CO2 mixtures with

Lorentz-Berthelot and Kong combining rules are comparable

with each other. The LorentzeBerthelot combining rule is

most widely used for its simplicity. Because the EPM2 model

use the geometric mean combining rule for interactions be-

tween unlike atoms of CO2 molecules, in this study we adopt

the following combining rule which is same as that in Refs.

https://doi.org/10.1016/j.ijhydene.2018.04.214
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Table 1 e Force field parameters of the models used in
this work.

Molecule Model Atom q(e) s(�A) ε=kBðKÞ
H2O SPC O �0.82 3.166 78.197

H 0.41 0 0

SPC/E O �0.8476 3.166 78.197

H 0.4238 0 0

TIP4P-2005 O �1.1128 3.1589 93.065

H 0.5564 0 0

CO2 EMP2 C 0.6512 2.757 28.129

O �0.3256 3.033 80.507

H2 two-site H 0 2.72 10

Table 2 e The related parameters of H2O, H2 and CO2 used
in this work.

H2O CO2 H2

Tc (K) 647.096 304.21 33.19

Pc (Pa) 2.20640Eþ07 7.38300Eþ06 1.31300Eþ06

u 0.344861 0.223621 �0.21599
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[34,37,43,44]. The geometric mean for εklij and sklij are adopted to

calculate the cross-interactions between the unlike

LennardeJones sites of the CO2 molecules, while the arith-

metic mean of sklij and the geometric mean of ε
kl
ij are used to

calculate the LennardeJones interactions in any other case. Its

equations are as follows.

ε
kl
ij ¼

�
ε
k
i ε

l
j
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(3)

Molecular simulation details

All the MD simulations are conducted using the LAMMPS

software package [45]. The MD simulations are performed for

three-dimensional cubic box, and the periodic boundary

conditions are applied in all X, Y and Z directions. For all LJ

interactions, a cut-off distance of 12 �A was used; A long-range

tail correction was applied for van der Waals interactions

larger than the cut-off radius. Columbic interactions for two

atoms closer than 1.2 nm are calculated directly, while those

further are calculated through the particle-particle/particle-

mesh (PPPM) algorithm with precision of 10�4. The simula-

tions are carried out under NVT ensemble and using the Nos�e-

Hoover thermostat to control the temperature of simulation

system. The time step is set as 1 fs, and the total simulation

time is 80 ps for pure water and 1000 ps for the mixtures.

During the simulations, the thermodynamics information is

recorded every 500 steps. The number of H2O molecules is set

as 1000 in all simulations, and themolar fraction of H2 and CO2

in the system is adjusted by their number in the system.

Thereafter, the molar volume is controlled by changing the

size of the system box.

Theoretical calculation

In the theoretical calculations of PVT properties for the mix-

tures, the PR equation of state is adopted, which is modified

from the van der Waals equation of state [46]:

Z3 � ð1� BÞZ2 þ ðA� 3B2 � 2BÞZ� ðAB� B2�B3Þ ¼ 0 (4)

A ¼ aP
R2T2

(5)
B ¼ bP
RT

(6)

Z ¼ Pv
RT

(7)

where a and b are the parameters of the equation of state, and

a is the function of temperature, b is a constant for fixed fluid.

When using Eq. (4) to Eq. (7) to calculate the pure fluid, a and b

can be solved as follows:

aðTÞ ¼ aðTcÞaðTr;uÞ ¼ 0:45724
R2T2

c

Pc
aðTr;uÞ (8)

bðTÞ ¼ bðTcÞ ¼ 0:0778
RT2

c

Pc
(9)

aðTr;uÞ1=2 ¼ 1þ x
�
1� T1=2

r

�
(10)

x ¼ 0:37464þ 1:54226u� 0:26992u2 (11)

where Tc is the critical temperature, Tr ¼ T=Tc is the reduced

temperature, u is acentric factor of fluid. The related param-

eters of H2O, H2, and CO2 used in this paper are from the DIPPR

801 Sample Database [47], and are shown in Table 2.

When the above equations are applied to mixtures, the

parameters a and b can be obtained by using the Peng-

Robinson mixing rule with the parameters of the each pure

components:

a ¼
X
i

X
j

xixjaij (12)

b ¼
X
i

xibi (13)

aij ¼
�
1� dij

�
a1=2
i a1=2

j (14)

where xi and xjare the molar fraction of the mixture compo-

nent i and j, dij is the binary interaction coefficient. The se-

lections of binary interaction coefficients have an important

effect on the calculation of the properties of mixture via

equation of state. There are two methods to determine the

binary interaction coefficient, the first method is to use the

experimental data to fit the equation of state with high pre-

cision, and the second method is to calculate by theoretical

correlations with a function of prediction. Meng et al. [48]

obtained the binary interaction coefficients of 119 mixtures

by fitting the second cross-virial coefficient, and the results

showed that the binary interaction coefficient for water and

carbon dioxide is 0.167. Nishiumi et al. [49] proposed the

interaction coefficient of hydrogen-containing system which

https://doi.org/10.1016/j.ijhydene.2018.04.214
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Fig. 2 e Absolute relative deviations of PVT properties for

pure water obtained via MD simulations when compared
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is closely related to the temperature of system, and it is

adopted in this paper:

1� dij ¼ 1:224� 0:0044Tþ 3:251� 10�5T2 forT<461:75K (15)

1� dij ¼ 56:98� 0:1655Tþ 1:199� 10�4T2 forT � 461:75K (16)

The compression factor Z is a correction factor that must

be taken into account when applying the equation of state for

the ideal gas to the actual gas, and it indicates the deviation of

volume between the actual gas and the ideal gas compressed

by the same pressure. The formula of compression factor is as

follows:

Z ¼ Pv
RT

(17)

where R is the state constant of ideal gas, and

R ¼ 8.314472 m3 Pa/(mol$K).

with IAPWS-IF97 values (L) and experimental values (H).
Results and discussion

In the following sections, the PVT properties for pure water,

H2O/CO2 binary mixtures and H2O/H2 binary mixtures are

investigated via MD simulations sequentially, after which the

PVT properties for H2O/H2/CO2 mixtures in the near-critical

and supercritical regions of water are predicted via MD sim-

ulations and compared to the PR equation of state. To allow

the readers to compare to the data in this work, all the nu-

merical data and uncertainty estimates are provided in

Supporting Information.

Pure water

Three force field modelsdSPC, SPC/E, and TIP4P-2005dare

respectively adopted and compared in the simulations of the

PVT properties of pure water. The parameters of the force field

models are shown in Table 1. Simulation results and errors are

shown in Figs. 1 and 2, which are compared with the experi-

mental data [50,51] and the calculation results using IAPWS-

IF97 [52e54].

These figures indicate that the maximum error and

average error of the SPC/E model are smaller than those of the
Fig. 1 e Pressure versus temperature for pure water at

different molar volumes.
SPC and TIP4P-2005 models, while the maximum uncertainty

of the simulation results in the SPC/E model is the smallest.

These findings are consistent with conclusions drawn by

Zhang [33], wherein SPC/E demonstrates better overall pre-

dictions compared to TIP4P, TIP5P, and EP. Therefore, in this

study, we choose the SPC/E model for the water molecule

model when simulating PVT properties for H2O/CO2 binary

mixtures, H2O/H2 binary mixtures, and the ternary mixtures

of H2O/H2/CO2 afterwards.

H2O/CO2 binary mixtures

The PVT properties of H2O/CO2 binary mixtures are simulated

and calculated. The results of simulation and the theoretical

calculation of H2O/CO2 binarymixtures are comparedwith the

experimental values in a temperature range of 350e750 K and

pressure range of 0.3e35MPa. TheCO2molar fractions ðxCO2 Þ in
the mixtures are 20.87%, 39.83%, and 50%, respectively. Fig. 3

shows the simulation results (green up-pointing triangles), P-

R equation calculation results (continuous lines), and experi-

mental values [55,56] (blue circles and red squares) of the PVT

properties for H2O/CO2 binary mixtures at different CO2 molar

fractions. The concentration value corresponding to each

experimental value is selected and used in the prediction

process using the PR equation of state and MD simulation.

In the case of xCO2 ¼ 50%, the predicted pressure value by

both the PR equation of state and MD simulation agree rela-

tively well with the experimental values at different temper-

atures and concentrations. When xCO2 ¼ 39.83% at a higher

temperature and concentrations, the predicted value of the

pressure by the PR equation of state and MD simulation are

slightly larger than the experimental values, while the average

errors of the PR equation of state andMD simulation are 8.93%

and 8.56%, respectively. However, when the CO2 molar frac-

tion is relatively low (xCO2¼20.87%), the absolute average error

of the PR equation of state and MD simulation is 15.09% and

0.66%, respectively. Thus, the adopted MD simulation model

appears to have much better predictive accuracy than the PR

equation of state in near-critical and supercritical regions of

water. It should be emphasized the main objective of our

https://doi.org/10.1016/j.ijhydene.2018.04.214
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Fig. 3 e Pressure as a function of temperature predicted by

simulation and equation of state compared with

experimental data for H2O/CO2 binary mixtures.
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study is to predict the PVT properties for H2O/H2/CO2 mixtures

in the near-critical and supercritical regions of water.

Although some special equation of state [44] can providemore

accurate predictions for H2O/CO2 binary mixtures, their pa-

rameters are evaluated from simulated PVT data or experi-

mental data and thus are not directly applicable to H2O/H2/

CO2 ternary mixtures.

H2O/H2 binary mixtures

To the best of our knowledge, no experimental research has

investigated the PVT properties of H2O/H2 binary mixtures in
Fig. 4 e Pressure as a function of temperature predicted by the

theoretical calculation for H2O/H2 binary mixtures at different m
the near-critical and supercritical regions of water. Therefore,

the results of H2O/H2 binary mixtures predicted via molecular

dynamics simulations are only compared with the calculated

results using the PR equation of state. The simulation results

(symbols) and calculation results (lines) of the PVT properties

for H2O/H2 binary mixtures with molar volumes (v, L/mol) of

0.213 L/mol, 0.5 L/mol, 1.0 L/mol, and 1.667 L/mol are shown in

Fig. 4(a), (b), (c), and (d), respectively.

To clarify the comparison, the absolute relative deviations

(ARD) between the MD simulation results and the calculation

results using the PR equation of state are calculated as

follows:

ARD ¼
����Asim �Acalc

Asim

����� 100% (18)

where Asimis the MD simulation value and Acalc is the value

calculated by the PR equation of state. Fig. 5 (a)e(d) show the

ARD corresponding to Fig. 4 (a)e(d), respectively. Both the

data and corresponding ARD in Figs. 4 and 5 are provided in

Table S3 of the Supporting information. When temperatures

increase from 673 K to 923 K at 50 K intervals, the average

ARDs for all predictions decrease gradually with the

following values: 9.36%, 6.84%, 4.87%, 3.47%, 2.05% and 1.45%;

however, it shows a slight increase at 973 K, with a value of

1.77%. Moreover, when molar volumes increase from 0.213 L/

mol to 1.667 L/mol, the average ARDs for all predictions

decrease rapidly with the following values: 7.96%, 4.32%,

2.62%, and 2.14%. Because the main goal of this work con-

cerns H2O/H2/CO2 ternary mixtures, the simulation details for

H2O/H2 binary mixtures are not provided but will be dis-

played in the next section in simulations for H2O/H2/CO2

ternary mixtures.
molecular dynamics simulation compared with the

olar volumes.

https://doi.org/10.1016/j.ijhydene.2018.04.214
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Fig. 5 e ARD as a function of temperature predicted by the molecular dynamics simulation compared with the theoretical

calculation for H2O/H2 binary mixtures at different molar volumes.
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H2O/H2/CO2 ternary mixtures

A series of simulations are conducted to predict the PVT

properties of H2O/H2/CO2 ternary mixtures. To confirm

whether the simulation system reached equilibrium, the en-

ergies of the mixtures in the simulation process are calcu-

lated, and the spatial distribution of the molecules in the

mixtures at the end of the simulation is analyzed. For

example, Fig. 6(a) shows the energies of the systems at 673 K

for themixtureswith 1000 H2O, 200 H2, and 200 CO2molecules;

Fig. 6(b) shows the corresponding spatial distribution of mol-

ecules at the end of the simulations.
Fig. 6 e Energy (a) and final snapshots (b) for H2O/H2/CO2 ternar

Carbon atoms, oxygen atoms and hydrogen atoms are in blue,

interpretation of the references to color/colour in this figure lege
The energies of the system are in a relatively stable state

after reaching a low value in a short period of time, indicating

that themixture system reaches an equilibrium state, and the

results obtained by molecular dynamics simulations are not

affected by the initial spatial distribution of the molecules.

The molecules shown in Fig. 6(b) at 673 K are randomly

distributed. To discusswhether system size is playing a role in

the simulation, a series of simulations with different system

sizes are carried out and results are listed in Table 3. We find

that the simulation results are consistent with each other

within their uncertainties. The uncertainties decrease with

the increase of the system size but this effect seems to be
y mixtures at 673 K. (xH2¼ xCO2 ¼ 14.2%, v ¼ 0.182 L/mol).

red and green color in the snapshots, respectively. (For

nd, the reader is referred to the Web version of this article.)

https://doi.org/10.1016/j.ijhydene.2018.04.214
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Table 3 e The simulation results for H2O/H2/CO2 mixtures with different system sizes.

Index v=L mol�1 T=K aH2O/H2/CO2 V=� 105�A3 P/MPa

1 0.182 673 500/100/100 2.109 24.45±0.059
2 1000/200/200 4.219 24.56±0.041
3 1500/300/300 6.328 24.62±0.032
4 2000/400/400 8.438 24.64±0.028
5 5000/1000/1000 21.140 24.53±0.019
6 10000/2000/2000 42.279 24.55±0.013
1 0.182 773 500/100/100 2.109 31.10±0.055
2 1000/200/200 4.219 31.34±0.039
3 1500/300/300 6.328 31.39±0.031
4 2000/400/400 8.438 31.33±0.027
5 5000/1000/1000 21.140 31.39±0.017
6 10000/2000/2000 42.279 31.37±0.013
1 0.182 873 500/100/100 2.109 37.59±0.059
2 1000/200/200 4.219 37.78±0.040
3 1500/300/300 6.328 37.82±0.033
4 2000/400/400 8.438 37.98±0.028
5 5000/1000/1000 21.140 37.73±0.019
6 10000/2000/2000 42.279 37.75±0.013
1 0.182 973 500/100/100 2.109 43.89±0.058
2 1000/200/200 4.219 43.75±0.042
3 1500/300/300 6.328 43.74±0.033
4 2000/400/400 8.438 43.97±0.029
5 5000/1000/1000 21.140 43.78±0.019
6 10000/2000/2000 42.279 43.80±0.013

a Numbers of H2O, H2, and CO2 molecules.
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marginal, which is agreement with the conclusion by Zhang

et al. [33]. The system sizewe adopted in our simulations (1000

H2O molecules) can give a good balance of accuracy and effi-

ciency for the simulations.

Fig. 7(a)e(d) show the predicted PVT properties for H2O/H2/

CO2 ternary mixtures by the MD simulations and the PR

equation of state at different temperatures and molar vol-

umes. The temperatures range from 673 to 973 K, and the

molar volumes are 0.182 L/mol, 0.435 L/mol, 0.833 L/mol, and

1.429 L/mol, respectively. The pressure is predicted for the

ternary mixtures with molar fractions of H2 and

CO2,xH2 ,xCO2 ¼ 4.5%, 8.3%, 11.5%, and 14.2% at each fixed

temperature and molar volume, respectively.

The ARDs between the MD simulation results and calcu-

lation results by the PR equation of state are compared in

Fig. 8(a)e(d). Both the data and corresponding ARD in Figs. 7

and 8 are provided in Table S4 of the Supporting

information. The ARDs between the MD simulation results

and the calculation results by the PR equation of state at 673 K

are relatively large, especially whenxH2 ,xCO2 ¼ 4.5%. When

molar volumes increase from 0.182 L/mol to 1.429 L/mol, the

maximum ARDs decrease with the following values: 18.7%,

8.4%, 6.6%, and 5.2%. The large ARDs should mainly come

from the limited accuracy of the standard PR equation of state

[57,58]. Further analysis of the ARDs has not been possible

primarily because of the lack of experimental data.

The compression factors have been successfully used to

describe the deviation from ideal gas behavior for a real gas or

mixture. Using the simulation results of the PVT properties for

H2O/H2/CO2 ternary mixtures and Eq. (17), the corresponding

compression factors are calculated and shown in Fig. 9. It can

be observed that the mixture behaves more nearly like an
ideal gas with the increasing of the temperature. Moreover,

the effect of the molar fraction of H2 and CO2 on the

compression factor is getting smaller and smaller as the

temperature increases.

Since the MD method is insensitive to the state of the

mixture, the prediction results shown in Fig. 8 should bemore

believable than those determined from the standard PR

equation of state near the critical point of the water. In fact, in

Fig. 7(a)e(d) (or Fig. 8 (a)e(d)), as the temperature increases

from 673 K to 973 K at eachmolar volume, the state of the H2O/

H2/CO2 ternary mixtures after equilibrium gradually ap-

proaches more and more closely to the ideal gas state. To

make it more clear, we calculate the radial distribution func-

tion (RDF) of the H2O/H2/CO2 ternary mixtures for the MD

simulations at each temperature from 673 K to 973 K with

xH2 ¼ xCO2s ¼ 14.2%, v ¼ 0.182 L/mol, as shown in Fig. 10.

The RDF (also called g(r)) describes how density varies as a

function of distance from a reference particle. Fig. 10(a) shows

the total RDF which is computed including the contributions

from all atom pairs in the system. In fact, the g(r)total can be

considered as the weighted sum of g(r) for all the different

atom pairs. As observed in Fig. 10(a), the RDFs have a single

peak at the nearest-neighbor distance 3.41 �A, and the g(r)total
shows a fast decay to 1 after the peak. Moreover, with the

increase of the temperature, the amplitude of the peaks de-

creases with the increase of the temperature, and the system

gradually approaches the ideal gas state.

In fact, the typical state of the H2O/H2/CO2 ternary mix-

tures at temperatures ranging from 673 K to 973 K can be

described more clearly in Fig. 10(b), (c), and (d), which depict

gðrÞOðH2OÞ�OðH2OÞ, gðrÞOðH2OÞ�HðH2OÞand gðrÞOðH2OÞ�HðH2Þ, respec-

tively. The RDFs show that the H2O, CO2, and H2 molecules are
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Fig. 7 e Pressure as a function of temperature predicted by the molecular dynamics simulation compared with the

theoretical calculation for H2O/H2/CO2 ternary mixtures at different molar volumes.

Fig. 8 e ARD as a function of temperature predicted by the molecular dynamics simulation compared with the theoretical

calculation for H2O/H2/CO2 ternary mixtures at different molar volumes.
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Fig. 9 e Compression factor as a function of temperature for H2O/H2/CO2 mixtures at different molar volume.

Fig. 10 e RDF between different atom types for H2O/H2/CO2 mixtures: (a) RDF for all atom types; (b) RDF for O(H2O)-O(H2O); (c)

RDF for O(H2O)-H(H2O); (d) RDF for O(H2O)-H(H2). (xH2¼ xCO2 ¼ 14.2%, v ¼ 0.182 L/mol).
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randomly distributed in thermodynamic states. The peaks of

gðrÞOðH2OÞ�OðH2OÞ at approximately 2.89 �A indicate that they are

in the“hydrogen-bonding” regions [59], and also indicate the

presence of amounts of small hydrogen-bonded cluster

[59,60]. gðrÞOðH2OÞ�HðH2OÞ shows O-H distances for neighboring

H2O molecules, and the first peaks locates at about 2.0 �A,

which are shorter than the sum of Van der Waals radii of the

oxygen and hydrogen atoms of 2.7 �A. With the increase of the
temperature, the amplitude of the peaks for gðrÞOðH2OÞ�OðH2OÞ,
gðrÞOðH2OÞ�HðH2OÞdecrease gradually, and the first peaks of

gðrÞOðH2OÞ�HðH2OÞeven becomes a insignificant shoulder at its

place. These indicate that the size of small clusters and the

average number of H-bonds per molecule decrease with

increasing temperature, which agreewell with the findings for

Hydrogen-Bonded clusters in pure water previously reported

by Kalinichev [59] and Swiatla-Wojcik et al. [60].
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Conclusions

In summary, the PVT properties of H2O/H2/CO2 mixtures in

the near-critical and supercritical regions of water are inves-

tigated using molecular dynamics simulations and the PR

equation of state. First, the molecular dynamics simulations

of PVT properties for H2O/CO2 binary mixtures and the theo-

retical calculations based on the PR equation of state are

carried out, and the obtained results are compared with the

experimental values. The analysis shows that the results of

the molecular dynamics simulations match the experimental

values better than those calculated by the PR equation of state

in near-critical and supercritical regions of water. Then, the

PVT properties of H2O/H2 binary mixtures and H2O/H2/CO2

ternary mixtures are predicted by MD simulations and

calculated by the PR equation of state. The adopted MD sim-

ulations could provide more insight into the mechanism than

the PR equation of state in predicting PVT properties of H2O/H2

binarymixtures andH2O/H2/CO2 ternarymixtures in the near-

critical and supercritical regions of water.

The PVT properties for H2O/H2/CO2 mixtures are essential

to the design and optimization of a thermodynamic system

based on coal and supercritical water gasification; to date,

however, no experimental, theoretical, or simulation research

has been conducted on the PVT properties for H2O/H2/CO2 in

the near-critical and supercritical regions of water. In the

current work, the PVT properties for H2O/H2/CO2 mixtures are

obtained by MD simulations and the PR equation of state;

thus, the findings could offer useful guidelines for experi-

mental measurement in the future. Moreover, the results of

this paper are of great significance to the development of su-

percritical water gasification of coal, and could offer remark-

able value for the application of H2O/H2/CO2 mixtures in

practical production.
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