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Optimal selection of hydrogen carrier candidate substances by the modeling of
various thermodynamic properties and new design of processes
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We have measured the thermodynamic properties of candidate organic
hydrogen carriers over a wide temperature and pressure ranges, and | also have developed a highly
accurate Helmholtz free energy type equations of state. These equations of state are almost
completed, and they have been accepted as the next standard model for REFPROP, a thermophysical
property calculation software developed at NIST in the United States.

On the other hand, using a process simulator, we have completed flowsheets of hydrogenation
processes for methylcyclohexane, cis-decalin, and bicyclohexyl, and have conducted sensitivity
analyses for further process optimization and heat and work demands.



H—Rr=a— T A EBUCARAIR &7 5 KB OME L - B LIS 2 KRk & LT

MCH
3
4
cis
PLUS ver.10.0
600 K
cis-
cis-
NIST
REFPROP
Lemmon
Helmholtz
REFPROP
REFPROP

Helmholtz

Helmholtz

Helmholtz

ASPEN

o tde

o hogweb6
barzeb0

o zebbar0

o zebbayO

2 miybayO

* Miyamoto Lab.

P/MPa

cis-Decalin

0.6 : s tde
03 : > hogweb6
14 b bar zeb0

00 —@wﬁa—{r— o zebbar0
o @ 288 %o ! o zebbayO

03 » miybay0
-0.6 * Miyamoto L ab.

100 (F o T car) 1 T ca

650 - -
T/K cis-Decalin

PpT cis-

a(Tp)/RT = a(z,0) = o%(z,0) + a/(z,0)

Ideal gas ~ @®=Ind +nd +nr+ (n§ —1)Int
3
term +Z nIn [ - exp (-m®/ T) ]
=1
Real fluid  a?(8,7) = YN, 8%tk + YN, 8% rtkexp(—5')
term +EN 8% Ttkexp(=1y (6 — &) = B (T = vi)?)

Helmholtz cis-



PLUS
cis-

(FMR)

AT .
Toluene .

eed Molar Ratio

Control

» Reactor

Fixed bed

catalytic

Vapor phase

> Hydrogenation Reaction Characteristics

» Exothe

rmic

» Volume reduction

NIST

Lemmon

2023

i Ph diagram for MCC6 e Eita i i %%‘m% :
[Tl Helmholtz-Type Equation of State [T il xssisd
7 s
n May 10, 2021. ; H Z
ASPEN TS e
& ¥ il I\ Y H
s i . T Bip
Py ¥azan AT i ATITT
0.1 E : z
ot sl .
-200  -100 0 100 200 300 400 500 600 700
h/kJ kgt
DFEE bverall Heat Duty
§ 250
_________ B 240
3 230
-g- 220
§eo —rre3.0s l&
£ 200
generation rate g' 90
3000 kg / hr g0
170
0.8 0.85 0.9 0.95
U RGEBRORGES
E ST =g [Power requirement
= FMR=3.05
g FMReD.L
89 0.0300 FMR=3.2
99.5 mole% x* FMR=3 §
edistillation 500295 S S
§ oo s
Distillation colunm conditions £ 2
"reeycling the toluene Purity: 99% g =
SR : bottom pres : 0.01 bar § 008 N
coichonbstaer o Total number of steps: 42 H
GIEpeiatiie 270°C (From VLE ratio) * 00280
> Pressure 3~ 4 bar Tatemal: Sieve Tray 08 085 03 095
> Toluene conversion ~ 0.85 - Mellapak 250X | RS2 RO RN }“



4 4 0 0

H. Miyamoto, M. Nishida, T. Saito 158

Measurement of the vapor-liquid equilibrium properties of binary mixtures of the low-GWP 2021

refrigerants R1123 and R1234yf

Journal of Chemical Thermodynamics 106456
DOl

10.1016/j . fluid.2022.113440

H. Miyamoto, Y. Nakamura, K. Minai, T. Yamada 558

Measurements and Modeling of the Vapor-Liquid Equilibrium Properties of Low-Global-Warming- 2022

Potential Refrigerant R32/R1234yf/R1123 Ternary Mixtures

Fluid Phase Equilibria 113440
DOl

10.1016/j . jct.2021.106456

H. Miyamoto, T. Saito, N. Sakoda, U. Perera, T. Ishii, K. Thu, Y. Higashi 119

Measurement of the vapor-liquid equilibrium properties of the binary low GWP refrigerant 2020

R32/R1123

International Journal of Refrigeration 340-348
DOl

10.1016/j . ijrefrig.2020.07.005

T. Yamada, H. Miyamoto, N. Sakoda, Y. Higashi 41

Vapor-liquid equilibrium property measurements for R32/R1234yf binary mixtures in low R32 2020

concentration

International Journal of Thermophysics

DOl
10.1007/s10765-020-02752-2




10 1 6

T. Yamada, H. Miyamoto

Precise Measurements of Isothermal PVTx and Vapor Liquid Equilibrium Properties for Low GWP refrigerant R1123/R1234yf/R32
Ternary Mixture

21th STP: Twenty-first symposium on thermophysical properties, Boulder, CO, USA

2021

H. Miyamoto, K. Suzuki, S. Nakamura, R. Akasaka, E. W. Lemmon

Measurement and Modeling of Thermodynamic Properties for Various Hydrogen Carriers

21th STP: Twenty-first symposium on thermophysical properties, Boulder, CO, USA

2021

2021

3 HF0-1123/HF0-1234yf/HFC-32

2021




T. Yamada, Y. Nakamura, K. Minai, H. Miyamoto

Measurements and Modeling of Vapor-Liquid Equilibrium Properties for Low GWP refrigerants R1123/R1234yf/R32 Ternary Mixtures

MTMS®21: 9th International Symposium on Molecular Thermodynamics and Molecular Simulation

2021

K. lkeda, T. Yasoyama, H. Miyamoto, S. Muromachi

Gas Separation of Semiclathrate Hydrates for CH4/C02 Mixed Gas

MTMS®21: 9th International Symposium on Molecular Thermodynamics and Molecular Simulation

2021

H. Miyamoto

Precise PVTx and VLE property measurement for Low-GWP refrigerant mixtures

Thermam, 10th Rostocker International Conference: Thermophysical Properties for Technical Thermodynamics, University of
Rostock, Germany

2021

H. Miyamoto, E. W. Lemmon

Measurements and modeling of thermodynamic properties for the cycloalkanes

Thermam, 10th Rostocker International Conference: Thermophysical Properties for Technical Thermodynamics, University of
Rostock,Germany

2021




GWP

2020 23
2021

CH4 CO2
2020 23

2021




NIST




