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A Study of the Thermochemical Hydrogen
Preparation X. Estimation of the Thermal
Efficieney of Sulfuric Acid Cycles

Masayuki DOKIYA*, Harumi YOKOKAWA®,
Tetsuya KAMEYAMA* and Kenzo FUKUDA*

The thermal efficiency of thermochemical water-splitting cycles which adopt decomposition of
sulfuric acid as an oxygen generation step was estimated by analysis of the flow sheets. Mass and
heat flow of cycles were assumed based on the experimental results and thermochemical data. The
cycles are classified into two types; A) cycles in which an electrochemical reaction is involved; B)
cycles in which the methanol synthesis process is involved. It is estimated that more than 500 kcal/
mol-H, of beat is circulated into cycle, and about 270—460keal/mol-H, of them should be recovered
in the process. The amount of heat that should be circulated in the process will be one of the essen-
tial factors which will decide the scale of heat exchanger. Assuming 75—100% of thermal regenera-
tion ratio, higher thermal efficiency (42--74%) can be expected for A type cycles and lower thermal
efficiency (30—449) is expected for B type cycles. However, the scale of plant for A type cycles
will be larger than that for B type cycles, because of the dimensional demerit of electrochemical
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reaction and large amount of heat that should be circulated in the process.

1 Introduction

The thermochemical hydrogen production pro-
cess produces hydrogen utilizing the nuclear heat
from the very high temperature gas-cooled reac-
tor (VHTGR). The thermal effciency defined
by Funk and Reinstrom!'® is adopted in this
paper. “Q” is the heat that is supplied from
the heat source and “W;” is the work which is
required to operate the process and “6”; is the
efficiency of energy conversion from heat to
work.

mary =, (H0,lig) /(@ + Wi/) (1)

Higher thermal efficency is expected for the
thermochemical hydrogen production process
than that by the electrolysis of water utilizing
electricity from the nuclear power station. The
present thermal efficiency of the electrolysis of
water is about 24% and more than 30% of
efficency is expected in future with the impro-
vements in the electrolysis of water®.

As previously stated®, the sulfuric acid cycles
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are thought to be promising. Prior to the
development of continuous bench-scale experi-
ment, it is necessary to estimate the thermal
efficiency of candidate cycles whose chemical
feasibility has been experimentally proved. The
following sulfuric acid cycles are examined in
this paper.

(1) A-1 cycle (SO,-hybrid cycle)*~'"’

SO, +2H,0 5% 1y 111,50,
H,SO, — H,0+80,+1/20,
(2) A-2 cycle (SO,-1, cycle)*~e-121®
SO, +2H,0+1, — H,SO,+2HI (A-2-1)
H,SO, — H,0+S0,+1/20, (A-2-2)
2HI — H,+1, (A-2-3)
(3) A-3 cycle (SO,-1,~Benzene cycle)'®’
SO, +2H,0+1, — H,SO,+2HI (A-3-1)

(A-1-1)
(A-1-2)

H,SO, — H,0+S50,+1/20, (A-3-2)
2HI+1/3CH, — 1/3CH,,+I, (A-3-3)
1/3C,H,, — 1/3C.H,+H, (A-3-4)

(4) B-1 cycle (SO,-1,-Methanol cycle)'®
SO, +2CH,OH+1,
— H,S0,+2CH,I (B-1-1)
H,S0, — H,0+S0,+1/20, (B-1-2)
2CH,I+2H,0 —— 2CO+5H,+1, (B-1-3)
2CO+4H, — 2CH,OH (B-1-4)
(5) B-2 cycle (S0,-1,-Methanol modified cy-
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cle)®
S0, +2CH,OH +1,

— H,50,+2CH,I (B-2-1)
H,S0, — H,0+S0,+1/20, (B-2-2)
2CH,1+1/2H,0

— 7/4CH,+1/4CO,+1, (B-2-3)

3/2CH,+3/2H,0—> 3/2CO+9/2H, (B-2-4)
1/4CH,-+1/4CO,
— 1/2CO+1/2H, (B-2--5)
2CO+4H, — 2CH,0H (B-2-6)
(6) B-3 cycle (SO,-I,-Methanol-H, cycle)*®’
SO, +-2CH,OH+1,

—— H,S0-+2CH,I (B-3-1)
H,80, —> H,0+S0,+1/20,  (B-3-2)
2CH,]+H, —> 2CH,+1, (B-3-3)
2CH,+2H,0 — > 2CO+6H, (B-3-4)
2CO+4H, —» 2CH,0H (B-3-5)

Abraham and Schreiner’® estimated the ther-
mal efficency of several thermochemical cycles
by utilizing T-S diagram. Funk and
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4Gio=—1.0
R1
1100K
AH o =| T23.3
0 ?8‘ 1.2550,
- 11.25H,0
0.2550, '
11.25H.0
Q=1 274.3
Hl |d=+46.9
Q=] 227.4
decomposition
voltage=0.34V
-._m s1 1.25(H.S0,8aq) R2
298K [7F0.25(H, 50, 48a0) | oK
AH3s=—1.8
H.0 electrolysis
AH39s=—1.8

Fig. 1 The flow sheet of A-1 cycle (SO,
hybrid)
Unit: kcal/mol-H,

AGHw=-1.0 AGo0=+6.4
Reinstrom’* and Funk and knoche'” e
proposed a method to estimate the 1100K 900K
thermal efficieny based on a flow AHio=] +23.3 AHin=| *3.3
sheet. og(()): {i?gssk?,’o 1%}2{,}3 15,0
By T-S diagram, the least heat 13-2255}{52% 9.6L:1 |10.6L
requirement of a quasi-static cycle can
be easily calculated assuming a perfect Qe=( 2743 R
thermal regeneration, However, this H1 [6=+46.9 H2 |o=+138
method is inadequate to elucidate the o= 2274 Qu—| 24406
heat requirement of individual cycle decomposition
since actual mass and heat flow cat be ‘ "°“ag‘*:;f:;(2}‘{’ls_ toa)
displayed apparently in T-S diagram. S1 1.25(H, SO,8aq) 25821( 9.61: 2
Thus, an estimation of thermal effici- (298K Tommsoasen L 10 oo 298K
ency was performed by the flow sheet & 19.2(HI6aq)
method. A mass flow sheet of each : cell reaction
AH39s=+170.2 AH30=—19.0 4H3s=+117.1

cycle was assumed based on the ex-
perimental results and the thermoche-

18~21)

mical data

2 Mass and Heat Flow of Cycles

The estimated mass and heat flow of the
cycles are shown in Figs.1~6. In these figures,
R, H, and S mean the reactor, heat exchanger,
and separator, respectively. The enthalpy of
reaction (AH’,), the Gibbs energy (AG°p), the
conversion ratio of reaction, the heat input for
heating the reactants (Q.=H°r—H",,), the
heat output for cooling the products (Q,=I";
—H",,,), the difference of @, and Q,(6=Q,.—
Q,), the enthalpy of each reaction step at 298K

Fig. 2 The flow sheet of A-2 cycle (SO,-1, cycle)

Unit: kcal/mol-H,
(AH?,,, and the decomposition voltage of cell
or electrolysis reactions are also shown in the
figures.

The concentration of sulfuric acid was assum-
ed to be 40wt% and 73wt% for A-1 to A-3
cycles*® and B-1 to B-3 cycles'®, respectively.
It was assumed that equilibrium is attained in
the decomposition of SO, with 80% of conver-
sion ratio®.

The following assumptions were made in the
construction of flow sheets.

1. A-1 cycle: R2 designates an electrolysis cell
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\ was assumed to be
4Giio=—1.0 AGis0=+0.68 AGoo=—1.4 .
R R3 Re —-0.12 V*.Hydrogen
1100K 450K 600K is evolved by the
dHG0 =] +23. AHso=] —19.8 AHw=] +17.4 ..
Hino =] +23.3 0 o decomposition of hy-
so,] 12580, 15LY 2.5 o.42c.H} o.08C.H. L
0.50, |11.25H,0 2.5H1| |0.5HI 0.08C,H.| |0.42C.H, drogen iodide. The
0.2550, 0.42C,H,| |0.08C,H, H. . £ hvd
11.25H,0 0.08C,H,,| {0.42CH,, conversion of hydro-
13.5H,0| ]13.5H,0 . .
: ’ gen iodide to hy-
=] 2210 = o
Q= 213 e=2 @=| 95 drogen was assumed
H1 |6=+46.9 H2 |6=+25.2 H3 [d=-10 to be 9.4% under
Q=| 227.4 Q.= 201.8 Q,=| 10.5 the existence of io-
decomposition T dine and thiS is the
voltage=—0,14V .1 .
2. 5(HI5. dag) 0.08C, H, equilibrium conver-
1.25(H, SO.8aq) L 0.42C,H, ) A
s1 Stk Rz L5k S2 ] s -y sion ratio'*’.
208K iy 298 208K 3 .
0.25(H,50.48a9) | =237 [05(Hiz7aq) [ L2EK oA2C.H 9 . A-3 cycle: R2Z des-
. 25l 0 0BCH J ignates the same cell
H!:’ cell reaction A .
reaction as in A-2
AHigs=+70.2 dH3es=—23.7 4H3es=15.4 AH3es=+16.4
cycle. The decom-
Fig. 3 The flow sheet of A-3 cycle (SO,-I,-benzene) position voltage was
Unit: kcal/mol-H, assumed to be —0.14
, ; - V*®. This value is slightly
AGii0=—1.0 AGio=—3.7 Grigo=—49.0 Géoo=+21.
o > 3 R4 lower than that of A—2. cycle,
1100K 400K 1100K 600K because the I,/HI ratio was
AHiypo=| +23.3 dHio=|—23.4 4H70 =] +78.4 4Hgoo=| —48.0 increased from that of A-2
3.75H,0 .s0.| ¥3so. 2cu:1} J2co 7681} [2cH,0H o
50, sentl lachiou 0] lon, s L3est, cycle. Hydrogen is evolved
0.25S80;, 3.75H,0 280, 21, I 1.34CO _
o0 | 1oa2he 7l 20 : by the benzene-cyclohexane
2H:.0 cycle. The conversion ratios
Q.= 136.5 Q. =| s6.2 Q.=| 104 Q.=| 231 of reaction A-3-3 and A-3~
H1 |6-+420 | H2 |o=-33 H3 |o6=+12.4 | He [e=-132 4 were assumed to be 80%.
However, higher conversion
Q,=| %45 @~ 59.0 Q= 9.0 @=| 36.1 _ , bg i
0.25(H, S0, 14ag) H.50.209 ' ratios can be expected trom
S0 2CH,I the experimental results and
0.50.| hu(H,50.| 250. ey .
2aq) I, 2C0 the equilibrium conversion
5H
S1 Sz 53 3 S4 Al
o H,80:2e0 | g50n CHJI[  [2H.0 2.68H:} o0y _-@ ratios™. Lo
98K 298K 1.34CO 4. B-1 cycle: Methyl iodide
250, . .
3H,0 lso, 11, ) L and sulfuric acid are pro-
2H,0 2CH.OH duced in R2. The conversion
mo Lk of methanol was optimisti-
AHiey= 1653 dH3=—26.7 AH3g=+90.8  AHpe——61.2 cally assumed to be 1009

Fig. 4 The flow sheet of B-1 cycle (SO,-I,-methanol cycle)

Unit: kcal/mol-H,

(Pt/Active carbon//SO,,H,S0,,,/diaphragm/
H, H,S0,//Pt). The decomposition voltage
was assumed to be 0.34V*.

A-2 cycle: R2 designates a cell reaction
(Pt/Active carbon//SO, H, SO,,/cation ex-
change membrane/l,,HI, //Pt). Such a cell
type reaction method was adopted in order
to produce sulfuric acid and hydriodic acid

separately””. The decomposition voltage

15)

under excess SO, The
methanol synthesis process
is utilized as a methanol
recovery process (R4). The conversion ratio
was assumed to be 609 (equilibrium) under
300 atm at 600 K. Hydrogen is evolved by
the steam reforming reaction of methyl
iodide. The experimental results showed
that the direct steam reforming reaction of
methyl iodide is a difficult process',
however it is expected that the further
research on the catalyst will realze such
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4G500(B-2-5)=—3.1

4Ghi=—1.0 4Gioo=—3.7 AGio=—3.5  AGhoo(B-2-4)=—18.8 4Géo= +21.6
Rl R2 R3 R4 R5
1100K 400K 500K 1100K 600K
AHip0=| +23.3 AHi0=| —23.4 AH =] ~17.7 A4H}00=] +96.9 dHéo=| —48.0
3.754,0| 13.75H,0 H.SO.| 13S0, 2CH,I1 [0.5H,0 0.25CO,[ [2CO 6.68H.1 |2CH,0OH
S0,! |1.2550, 2CH,I| |2CH.OH H,0| [0.25C0, 7/4CH.| |5H. 3.34CO[ [2.68H,
0.2550, 250, [ |21 7/4CH,  3H.0| |L.5H.0 1.34CO
0.50, L| [2H,0 I,
Q.=| 136.5 Q.=] 56.2 Q.=| 312 Q=| 745 Q={ 210
H1 |6=+420 H2 |6=-33 H3 [d=+4.4 H4 |d=+7.4 HS | o=-13.2
Q,=| 95 Q,=| 59.5 Q,=| 26.8 Q=] 671 Q=| 34.2
0.25(H.S0,14aq ) H.S0.2aq | ]
0.5H,0 }0.25CO, 4H,
co
sopk |He502a8 | oo [RCH 298K LSHO poak 2.68H: | yqap
1.34CO
an0[ [so, 250, 0510 ll,
I :

t [ 1.5H,0

2H,0 J 2CH,0H
H
o~ 1Ho]
4H39=—65.3 AH3es=—26.7 AH3es=—13.3 AH3es=1+104.3 AH3es=—61.2

Fig. 5 The flow sheet of B-2 cycle (SO,-I,-methanol-modified)
Unit: kecal/mol-H,

4Gl =-1.0 AGioo=—3.7 AG3s0=—26.2 4Giie=—25.0 4G =+21.6
R1 R2 R3 R4 RS
1100K 400K 750K 1100K 600K
dHo=|+23.3 dHo=| 23.4 dH350=| —29.0 AdHYoo=|1108.4] : dHiw=|—48.0
3.75H,0 H.S0.| f3S0, 2CH.I b [2CH, 2CH, Y {2c0 6.68H.§ [2CH,OH
S0, 2CH,I| [2CH,OH 1L5HI| |IL 4H,0| [6H. 3.34CO| |2.68H,
0.2580,| [3.75H.0 2S0.] |2L 1.25H, [ |1.5HI 2H,0 1.34CO
0.50,| {1.25S0, L{ |2H.0 0.25H,
2H,0
Q=] 1365 Q.=| 56.2 Q=] 35.6 Q=| 926 Q.=| 21.0
H1 H3 [e=+0.6 H4 |6=+110 H5 |6=-13.2
Q=] 94.5 Q,=| 35.0 Q=] 81.6 Q,=| 3.2
0.25(H,S0,14aq)
0,50,
4H,
H.S0,2 HI[  0%25H, 2H, 2.68H,
298K $50h2ee] 208K Lsui| 298K 298K L34co| 298K
3H,0| ]SO 250, L
I, L
2CH,OH
2H,0 [ o L ]
B {H,o]
[ b
dH39s= 165.3 AH398=—26.7 dH3es=—28.4- AH3=+119.4 dH3s=—61.2

Fig. 6 The flow sheet of B-3 cycle (SO,-I,-methanol-H,)

a process. The conversion of methyl iodide reforming process of methyl iodide was
was assumed to be 100% with 2 fold excess adopted in this cycle (R4 and R5), the
of steam. The formation of hydrogen iodide other processes are the same processes as
was observed experimentally, however, in in A-1 cycle. The conversions of methyl
this flow sheet, it was neglected. iodide and methane were also assumed

B-2 cycle: Except that a two step steam to be 100% with 2 fold excess of steam.
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6. B-3 cycle: Except that a hydrogenation
process of methyl iodide was adopted in
this cycle (R3)'®, the other processes are
the same processes as in A-1 and A-2
cycles. The formation of hydrogen iodide
and its recirculation were assumed in this
cycle.

In order to estimate and to compare the
thermal efficiency of the cycles, the heat flow
1~6 are summarized in Table 1.
Definitions of the parameters are given in the
foot note. “Q.yc,” implies the amount of
heat which should be exchanged within the
cycle, between the cycle and the VHTGR, or
between the cycle and surroundings. This
amount of heats should be adsorbed and exhaust-
ed by the endothermic and exothermic steps

in Figs.

2

implies the maximum heat
which can be recovered within the cycle. It is
assumed that this heat is recovered within each
reaction step, that is, @, of products is recovercd
in @, of reactants of the same reaction. This
assumption may be reasonable, since the exo-
thermic reactions proceed at low temperatures

of the cycle. “Q}..

and the products cannot be used to preheat the

reactants of the high temperature endothermic

reactions. “QIL.”

implies the amount of heat
which can be recovered from the exothermic
The heat of reaction and @, of the
exothermic step will be regenerated in heating
the reactants and then, the excess heat can be
recovered, for example as steam, and will be

used for the shaft and separation works of the

steps.
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cycle. Here, QM. does not include the heat of
the reactions which proceed at the temperature
of the surroundings. “@...” is the external
electricity required in A cycles. If the overpoten-
tials and the ohmic drops of the electrolysis
and the cell reactions in A cycles are the same
under the same current density, the additional
electricity will be required for A-1-1 and A-2-
1 reactions compared to A-3-1 reaction. This
electricity is assumed to be the difference in
In Table 1, Q.jcc

is calculated assuming the conversion factor

the decomposition voltages.
from heat to electricity is 40%. @Q=i#” implies
the least heat requiement of the cycle, that is,
the heat reequired when 100% thermal regener-
ation in each reaction step can be realized.
Thus, this heat is equal to the sum of the
reaction enthalpy at 298 K of the endothermic

reaction steps. Q... is also included in @mig.

Using Q= the maximum possible thermal
P

«_max»

efficiency, “7 can be estimated. In actual
case, the amount of heat which is required by
the cycle will be larger than @Qmir. It is possible

to estimate the heat requirement of the cycle

if the ratio of thermal regeneration “R;” can
be assumed.
Qreg=5"° (AHOT+Qr Qo X R+ Qeiec
(2)

Qmm_endo (AH +Q Qp> +Qelec

ndo AH 293+Qelec (3 )
is the heat required to heat or cool

“QHZO”

Table 1 The summary of heat flow and the expected thermal efficiency of cycles

Cycle Qexch Tee He Qelec Qu:0 ?:aiél pmax TR=0.75

kecal kcal kcal keal keal kcal i % %
A-1 297 227 0 55 199 125 55 76
A-2 2759 2672 0 2 2005 90 74 44
A-3 547 464 0 0 357 92 40 37
B-1 516 272 88 0 66 156 42 9
B-2 547 272 101 0 66 170 48 33
B-3 592 292 116 0 66 185 34 30

AFH°1; reaction enthalpy at TK. AH,s; reaction enthalpy at 298 K.

Qp=pro§ucc (HOT_HOZQS)' Qr__reaccam (Hc
+e§o (AH°T+QP) ;ec_endo (Qp)"‘

-+ Qelec) = endo (AH0293> -+ Qelec
0.4, ﬂ“‘“—GS Qe

Q0.

_Hozgs)-
=5 (AHT+Q,— Qo).
Qelec=[(Decomposition Voltage)a—1 or a—.— (Decomposition Voltage)a_.]/
Pem0.7s=68.3/[*F° (AH T+ Q: + Qelec— @p x RiDIR;=0.75.

Qu:0; @, and Q; of water. Qexen="%° (AHT+Qr)
Qm[n_endo (AH T+ Qr Qp
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the hydrated water of sulfuric acid and
hydriodic acid. As can be seen from Table
1, very large portion of the @, and @, is the
Qu,0, especially in A cycles.

3 Discussion

From the estimated values of Q.yc., it be-
comes clear that a large amount of heat should
be circulated in the thermochemical hydrogen
production process. The amount of heat should
be circulated in a cycle will decide the scale of
heat exchanger and then will be one of the
essential factors to determine the cost of hy-
The estimated value of QI.. for A-2
cycle is too large to be accepted from this
standpoint.
introducing a two step benzene-cyclohexane
cycle instead of the direct decomposition of
hydrogen iodide. It is concluded from these
A-2 and A-3 cycles that it is essential to replace

drogen.

A-2 cycle can be improved by

a reaction whose conversion is low by other
two step reactions whose conversions are high
enough. A-3 cycle will still need larger heat
exchanger than B cycles. This is mainly due
to the large Qu,0, as can be seen from Table
1. In order to reduce the @I, of A-3 cycle
further, it is desirable to produce concentrated
sulfuric acid and hydriodic acid. This will be
possible by adding external electricity and by
the improvement of the electrolysis cell. The
amount of Qp,c will be also related to the
thermal regeneration ratio R;, since more than
half of @u,o is the heat of evaporation (conden-
sation) of water, thus, in order to realize
higher thermal regeneration ratio for such a low
temperature heat, larger heat exchanger will
be required. The estimated values of Q!.. and
Qu,o indicate that smaller scale of heat ex-
changer and higher thermal regeneration ratio
than those for A-3 cycle are expected for B
cycles, although almost the same amount of
heat should be circulated in A-3 and B cycles.

A very high thermal efficiency can be expec-
ted in A-3 cycle, if 100% thermal regeneration
is realized. However, when the thermal re-
generation ratio is 75%, the expected thermal
efficiency will decrease to 48%. The expected
maximum thermal efficiency for A-1 and B
cycles are 55% and about 40%, respectively.
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The expected thermal effciency will decrease
to 42% and 30—34% for A-1 cycle and B cycles,
respectively, when the thermal regeneration ratio
is 75%. Comparing A and B cycles, it becomes
clear that the maximum thermal efficiency
largely depends on the exhaust heat (@L.) from
the cycles by the exothermic reactions. If this
waste heat can be recovered, for example as
electricity, the total efficiency of the VHTGR
can be improved.

The thermochemical water-splitting cycle in-
cludes the separation and the transportation
processes in addition to the reaction processes.
In these flow sheets, it is assumed that the
products of different phases can be separated
spontaneously and that the additional work or
heat to purify the separated products will be
negligible. In the cycles studied here, no solid
In the
actual case, the iodine can be treated in a
dissolved state in hydriodic acid. Thus, the
work for the transportation of materials can be

materials are used except for iodine.

assumed to be negligible, However, in B cycles,
an additional work to compress CO and hydro-
gen up to 300 atm is required in the methanol
synthesis process. The theoretical work to
compress n-mol of ideal gas from 1 atm to 300
atm at 298K is calculated by eq. 4 and 10.2
kecal/mol-methanol is required.

Weom=nRTInP,/P,=3x2x298x107*xIn 300
=10.2 (4)

In the industrial methanol synthesis plant
including the steam reforming process to produce
hydrogen and CO from natural gas, the waste
heat from the process is recovered for the
turbo-compressor and the amount of waste heat
is estimated to be 40—70 kcal/mol-methanol
from the published unit consumption figures**
2 From these considerations, it is coucluded
that the steam reforming and the methanol
synthesis steps in B cycles will require large
energy consumption. Moreover, in B cycles,
hydrogen should be separated from CO. From
the published data**’ on the industrial pressure
swing adsorption (PSA) and the cryogenic sep-
aration processes, it is estimated that about 2.7
kcal/(mol-gas mixture) of electricity is required
to separate hydrogen from CO, CH,, etc. Using
this data, it is estimated that B-1 and B-2
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cycles will consume about 14 keal of electricity to
separate hydrogen from CO (3.68H,/1.34CO in
S, and S,) and that B-3 cycle will consume 23
kecal of electricity to separate hydrogen and
hydrogen iodide from CO and CH, (0.25H,,
1.5HI/2CH, in S, and 3.68H,/1.34 CO in S;).
Thus, in order to obtain higher thermal effi-
ciency, an effective utilization of QIL. is desired

for B cycles. This QI is low temperature

heat (400—600K). It will be difficult to utilize
such a low temparature heat effectively in the
compression of CO and hydrogen and in the
separation of hydrogen from the other gas.
The separation of SO, from O, is a common
This process will
require not so much energy, since SO, can be
liquified easily (bp. —10°C). The published
data® on the separation of acidic gas (CO,,
COS, H,S) from hydrogen, CO, etc by
Rectiso! process indicate that about 0.7 kcal of
electricity and 1.2kcal of steam per one mol
If the application
of the Rectisol process for the separation of

process in A and B cycles.

of acidic gas are required.

SO, is possible, the energy consumption for
the purification of O, will be small compared
to the other steps.

From the standpoint of the separation process,
A cycles are better than B cycles. However,
the demerit of A-2 and A-3 cycles also origi-
nates from the separation problem in A-2-1
reaction. In order to produce the hydriodic
acid from sulfuric acid separately, the cell
reaction is adopted, thus, it is inevitable that
the large scale plant is required compared to B
cycles because of dimensional demerit of elec-
trolysis cell. The same is true for A-1 cycle.
The addition of external electricity will be a
method to increase the current density and then
to reduce the scale of plant. Moreover, by this
method it is possible to increase the concentra-
tion of acids and to reduce @u;0 and then, to
On the
other hand 7™** will decrease, for example by
addition of 0.3V of external electricity, 7™** of
A-1, A-2, and A-3 cycles will decrease to 43,
54, and 54%, respectively.

From the standpoint of thermal efficiency,
A-3 cycle seems to be the most promising cycle
compared to the other cycles. B cycles are

reduce the scale of heat exchanger.
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attractive because of smaller scale of reactors
and heat exchanger, however, the separation and
shaft works will reduce the thermal efficiency
to a lower level. There is a more essential
method to improve the B cycles than thee ffec-
tive utilization of QI., if CH, can be pro-
duced directly by the following reaction 1,
instead of reaction B-1-1, the whole cycle can
be simplified and the expected thermal efficien-
cy will be improved.
CH,OH+H,0+ S0, — H,S0,+CH,
(1)

The preliminary experimental results'*’> in-
dicate that the reaction 1 is difficult to be carried
out without side reactions, however, further
research is still desirable in order to establish

suitable thermochemical cycle.
< E 546> (Received June 28, 1978)
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F£IE BELEEHAEBRRS
A SEMERE SRR EMER & L SR LT
F534E5 A 23 H (k) 13 [ 30 43 X ¥ KPR TR
T, 3B ANRSMLUTHES L. HEE FRoSHER
WHERR (oK) nFSTfThbhi:.
L Xg@ilikic X 2 BREERKISOE RS
PN B S R
MBS 7 = w20 X5 BEIERMEOMET 2588
RIBBEE L T % 02k 2 0 REO Tk 0
BRETHLZ b, XROBBESFHE L > T
RiHZEEFAL, £0FERG L KISGEEZEEE
BT3B BEENZ. OSERELT D Bk
BRAT 7LD L5 CON RDRARE, 2) X
57k BVEER, AMOBTUERE, 3) MEC X %M
DILRBES EBEY EiFfbh, R0 KLU 16mm
TuNMAZE VRN SR 16mm 7 4 A AIZ LB LR,
TBDZEAEERE VIIEmIc L HETER i, X
FE 7 FF LT o REE B X URRH o e ks
EHHEREIC 2T L HERD - 72,
2. BRBETRBY ERESRER
RIRREZEEREDIER  AREE
ERMBEO BRI OV TDEE TORZBOWED LR
ROFHD L OMEID FHFA VORI Y 20ob BT
L& FA Y E U, SAEBN B LU Zn0-Bi,0, 8y
AE B EERBET TRRERIMWEZHICE VY HITT
SRS R, fBROERBARE LTk, oMy
7w DF—F—THET 2 Emicmby, BakhE
BEr BT 54 RE0ARNEEN TV B2 L REL
IR o7z,
W%, DR, BRSO ORI CREER SN
ZERT « ARREMPTENEM B X O EMEEE v —0

ER N v BB R A E, BRI R
B (HIP) ko RERThbhi.

0@ BELLEHARBHS
WEFN53 4510 B 20 0 (&) THIOEL v, AHSESE
K& L T IBRERLF— 75 X v LFE LKL
LTy ) F—= CHINEFRFHE IR T 30 &5
BMLTiFabhiz. ERINER B8 FUERK
T2 12X 2 “75 =itk 5EIRERILEmDE
REBT 2y Vs v LI Fe—bBOT TS -
75 X< E AV AERRE, EBES v —HEBLT<A
I eRiRER FLHEIChzo TT I X< HVTOHF
EAITRDRTW2 L3S hic. hls, AR
Sh7eHEEERTREO L) Tholz.
1. 75 X<ick 3RELTEMEHOER
FUEBRER) B4 & NEXE, shilg 8
2. BEARRMBREAEY -7 X< RFRTAER
HERIE (FER) R, AFE— HaEfk
3. BRAKSe—KECL2LBOEBIVUHL
FIEFER) NBXRE, il B Wk &
4, REBFPOA T LEOMELOFFBIVO,
AR (R NGRS, B, M7
SRARBEAER
5. =47 vnEKEC L IERERESTOAR
(BEA KA B, PIIER
6. BRLT AT Y B~ O b = SO IEME
(uELR) RESLE, &7F—
7. YFRALINO,-NaNO, %D NS BIEEOBE 3 X
REERE GRTR BE B, 5AER=, WA %
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