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Abstract — The Hybrid Sulfur cycle is gaining popularity as a possible means for massive
production of hydrogen from nuclear energy. Several different ways of carrying out the SO,-
depolarized electrolysis step are being pursued by a number of researchers. These alternatives
are evaluated with complete flowsheet simulations and on a common design basis using Aspen
Plus™. Sensitivity analyses are performed to assess the performance potential of each
configuration, and the flowsheets are optimized for energy recovery. Net thermal efficiencies are
calculated for the best set of operating conditions for each flowsheet and the results compared.
This will help focus attention on the most promising electrolysis alternatives. The sensitivity
analyses should also help identify those features that offer the greatest potential for improvement.

[. INTRODUCTION

Interest in the Hybrid Sulfur (HyS) cycle as a means of
producing hydrogen (H;) from nuclear energy on a
massive scale has been steadily growing. While the Sulfur-
Iodine (SI) cycle has been the subject of the majority of
thermochemical H, production R&D in recent years, the
HyS cycle has also benefited from this investment. For
example, both HyS and SI include a high-temperature
sulfuric acid (H,SO,) decomposition step that produces
oxygen (0O,), sulfur dioxide (SO,), and water (H,0), so
advances in this technology can be applied to both cycles.

Heat I
> 800°C

/[ H,SO, ———=> 10, + S0, +H,0 ]\
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Fig. 1. The Hybrid Sulfur cycle
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The two cycles differ, however, in the way in which SO, is
oxidized to H,SO, and H,O is reduced to H,.

The HyS cycle couples the oxidation of SO, with the
splitting of H,O and reduction of the resulting protons (H")
in a single, electrochemical (hence the origin of the
“hybrid” designation) step — SO,-depolarized electrolysis.
This is illustrated in Fig. 1 above.

What makes HyS viable is that SO,-depolarized
electrolysis can be carried out at cell potentials much
smaller than those for H,O electrolysis. The standard cell
potential for electrolyzing H,O,

Anode: HO () — % 0,(g)+2H" (ag) +2e,

E°=-1229V
Cathode: 2H' (agq) +2¢ — H, (9),
E°=0.0V

Overall: H,O (I) — H, (g) +'2 0, (g),
E°=-1.229V (1)

is —1.229 V, while that for SO,-depolarized electrolysis,

Anode: 2 Hzo (I) + SOz (aq) i stO4 (aq)
+2H' (ag) +2e, E°=—0.158 V
Cathode: 2H' (ag) +2e — H, (g),
E°=0.0V
Overall: 2 HzO (I) + SOZ (aq) d stO4 (aq)
+H, (g), E°=—0.158V (2
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is only —0.158 V2 when the SO, is dissolved in pure H,O.
The Nernst equation can be used to show that the standard
potential for SO,-depolarized electrolysis in 50 wt%
H,SO, (a more likely anolyte) is about —0.26 V. Taking
into account the combined effect of overpotentials,
resistance, and other inefficiencies, the actual cell voltage
for SO,-depolarized electrolysis in aqueous H,SO, anolyte
should be about one-fourth to one-third that for
commercial alkaline electrolysis.

Several different ways of carrying out the SO,-
depolarized electrolysis portion of the cycle are being
investigated or have been proposed. Early conceptual
flowsheets featured a single electrolysis step using
recirculating H,SO,4 anolyte and catholyte separated by a
microporous diaphragm, with SO, dissolved in the anolyte
under pressure to maximize concentration.” Bench-scale
experiments confirmed the viability of this configuration.*
As advancements in fuel cell technology led to improved
proton exchange membrane (PEM) materials, PEM-based
SO,-depolarized electrolyzers (SDEs) have been proposed
and are being investigated as well.” One SDE version
currently under laboratory development uses recirculating
H,S0, anolyte containing dissolved SO, and no catholyte.®
Moist H, is generated at the cathode. Another SDE version
undergoing laboratory development feeds gaseous SO, to
the anode, where concentrated H,SO,4 is produced and
removed, and liquid H,O to the cathode, where H, bubbles
form, accumulate, and are removed.” Conceptual
flowsheets with a single electrolysis step have been
proposed for both PEM SDE configurations. Flowsheets
have also been proposed in which electrolysis is carried
out in multiple steps at different conditions.®

These alternatives are being simulated on a common
design basis using Aspen Plus™ software. Sensitivity
analyses are helping determine the performance potential
of each configuration, and the flowsheets are being
optimized for energy recovery. Net thermal efficiencies are
calculated for the best set of operating conditions for each
flowsheet and the results compared. This will help focus
attention on the most promising electrolysis alternatives.
The sensitivity analyses should also help identify those
changes that offer the greatest potential improvement.

II. METHODOLOGY

The analysis begins with a complete flowsheet and
material and energy balance constructed for the specific
SDE under consideration, using Aspen Plus™ software. A
fixed H, production rate of 1-kmol/sec is assumed so that
calculated heat transfer duties in units of kW are
interchangeable with kJ/kmol H, or J/mol H, produced.

Aspen Plus™ was chosen as the basis for flowsheet
models because of its flexibility, power, and universal
acceptance. Since the credibility of a flowsheet model is
largely determined by the validity of its underlying stream
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properties and phase equilibrium models, careful
consideration was given to this aspect of the analysis.

Aspen Technology, Inc. (AspenTech) provides its
licensees an oleum data package that can be inserted into
Aspen Plus™ to provide accurate representation of H,SOy,
properties and phase equilibria over the entire
concentration range, from 0 through 100% H,SO4 to 100%
sulfur trioxide (SO; or oleum).  Unfortunately, the
temperature range for this data package extends no higher
than 150°C, while the pressure is limited to about 2 bar.
This limitation was removed by Mathias in work
commissioned by General Atomics for modeling the SI
cycle.” (This is one example of how the HyS cycle has
benefited from SI cycle development.) The results of
Mathias’ work are in the public domain."

Mathias split his H,SO,4 properties model into two
temperature ranges. For “moderate” temperatures (below
about 300°C), he simultaneously fit an adaptation of
AspenTech’s oleum model to the vapor-liquid equilibrium
correlation developed by Gmitro and Vermeulen'' and to
excess enthalpy'? and heat capacity'” data for H,SO,-H,O
mixtures. This model makes use of the Chen Electrolyte-
NRTL (ELECNRTL) property method in Aspen Plus™
and assumes that H,SO, dissociates into ionic species. At
higher temperatures (above 300°C), where the electrolyte
model tends to break down, he switched to a complex-
forming model, replacing the dissociation equilibria of
H,SO,,

H,S0, (aq) + H,0 (l) < H;0" +HSO,, 3)
HSO, +H,0 (I) & H;0"+ S0, (4)

with a nonvolatile complex-forming equilibrium,
H,S0, (aq) + H,O (I) < 2 IonPair. %)

Mathias fit this model to the high-temperature, high-
pressure data of Wiister'* as well as to extrapolations of the
lower temperature excess enthalpy and heat capacity data.
The following plot (Fig. 2), reproduced from Mathias’
report”, compares the high-temperature model predictions
with Wiister’s data. As can be seen there, the high-
temperature H,SO, properties model reproduces Wiister’s
data quite well.

The HyS flowsheet models use an adaptation of
Mathias’ H,SO, properties method. An adjustment was
made in the solubility of SO, in aqueous H,SO, to take
into account solubility data that was not considered by
Mathias in his development. (SO, is treated as a
HENRY _COMPS or supercritical component in most
streams, except when the possibility of a separate, SO,-rich
liquid phase is high.) The optimal transition from the low-
temperature, electrolyte to high-temperature, complex-
forming model was found to occur at 270°C. (The
smallest differences between enthalpies calculated using
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the two methods for a given temperature, pressure, and
composition were typically observed around 270°C.)
Consequently, a switch from one properties method to the
other is arbitrarily imposed whenever a stream crosses
270°C.

Vapor Pressure of Sulfuric Acid Solutions
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Fig. 2 Vapor Pressure of Sulfuric Acid Solutions at High
Temperature — Comparison with Wiister'* Data

Once the flowsheet is completed and converged, the
stream heating and cooling data are extracted into the
Aspen HX-Net heat integration application so that a pinch
analysis'® can be applied to optimize energy utilization.
HX-Net automates the generation of composite heating
and cooling curves and calculates the high-temperature
nuclear heat target. It also provides both graphical and
algorithmic methods for performing process optimization.
These are used to adjust the temperatures of heat
exchangers, condensers, reactors, and distillation columns,
as well as the pressures of columns, pumps, throttling
valves, and reactors in an effort to minimize the quantity of
high-temperature nuclear heat required per unit of H,
production.

Finally, the effect of uncertainties in the projected
performance of the electrolyzer on the performance of the
overall flowsheet is determined through sensitivity
analyses.

II1. APPLICATION TO SPECIFIC SDE
CONFIGURATIONS

As stated in the introduction, this approach is being
applied to several different SDE configurations and the
flowsheets that have been developed for them. The first of
these is the PEM SDE that uses recirculating H,SO,
anolyte containing dissolved SO, and has no catholyte.
This is the SDE and the HyS Process that are being
developed at the Savannah River National Laboratory
(SRNL) for the U. S. Department of Energy’s (DOE’s)
Nuclear Hydrogen Initiative (NHI).
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I11.A. SRNL Electrolyzer and Flowsheet

A simplified schematic diagram of the SRNL SDE is
presented in Fig. 3 below. The SDE is a PEM device, in
which recirculating anolyte provides the H,O that keeps
the membrane hydrated and in which H, gas is evolved at
the cathode. There is no catholyte other than the H,O that
is transported from the anolyte across the membrane and
wets the cathode; it may be transported in sufficient
quantity to exit as a separate liquid phase along with a H,O
vapor-saturated gaseous H, phase.

—{1|—

Anode Cathode
2e

H.S04(aq) (+) (=)
,

o

80s(aq) L H.O(l) —

H2S04(aq) o He(9)
v 2H'
2H +2e — Hyg)
SOu(aq) + HO(l) =~ | | [ T
SOy(aq) +2H' + 2 e
AU U tsogeo
electrolyte
SO0x(aa), H:0() AN Y
Microporous

Rubber
Fig. 3 SRNL SO,-Depolarized Electrolyzer Configuration

At this stage of development, there is insufficient data
to attempt a detailed design of the electrolyzers.
Performance projections were made, instead, based on the
results of ongoing experiments at SRNL® and on earlier
work at  Westinghouse  with  two-compartment,
microporous diaphragm cells'®, and taking into account
expected performance improvements. Based on this
information, as well as on the feed stream and several
input parameters (cell potential, current efficiency, SO,
conversion, cell pressure drop, and molar H,O-to-H'
transport ratio), steady-state material and energy balances
were used to calculate the product streams and two output
parameters (electric power consumption and molar H,
production rate).

The SRNL HyS flowsheet is shown in Fig. 4 below.
Fresh anolyte (57.4 wt% H,SO, at 21 bar and 80°C) enters
the SDE (E-1) via stream 1. The electrolytic reaction
(equation 2) takes place at a specified SO, conversion.
Pressure drop across the anode half cell is specified as
well. All of the H, made appears at the cathode and exits as
product (stream 3) along with any H,O transported across
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Fig. 4 SRNL HyS Process Flowsheet

the membrane by electro-osmotic drag'’ (assumed to be
3.5 mol H,O/mol H', or 7 mol H,O/mol H,.) Everything
else exits with the spent anolyte (stream 2).

The temperature rise across the electrolyzers due to
voltage efficiency losses and ohmic heating is determined
by an energy balance. The electric power required to
produce the H, is calculated from the current efficiency,
the cell voltage, and Faraday's constant. Anolyte effluent
(and H, product) temperature (assumed to be identical) is
then adjusted until the enthalpy difference between the
product (2 and 3) and feed (1) streams matches the electric
power input.

Table 1 ©below summarizes the performance
characteristics that were used for the electrolyzers, and
includes a comparison with earlier work at Westinghouse.
A quick review confirms that, with respect to the previous
flowsheets, all of the assumptions used for the current
flowsheet are reasonable.

Returning to the process flow diagram (Fig. 4), streams
2 and 3 both exit the electrolyzer at 78.9°C and 20 bar.
Wet H, product, consisting of a 7:1 molar ratio of H,O and
H,, departs the cathode via stream 3, and is forwarded to
the H,/H,O separation section. Spent anolyte (stream 2) is
split into two streams. The smaller portion (stream 5) is
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< Water Feed |

passed on to H,SO,4 concentration while the larger fraction
(stream 4) is recycled to the anolyte prep tank (MIX-01).
The flow split is set so that the molar production rate of H,
is equal the amount of H,SO, entering the decomposition
loop (stream 26) minus the amount leaving through stream

59.
TABLE I
Electrolyzer performance summary and comparison
Header 1976 1983 SRNL
flowsheet flowsheet flowsheet
Operating press., bar 25.86 20.0 20.0
Operating temp., °C 90.0 100.5 80.0
H,S0, conc., wt% 66.3 63.0 65.0
SO, conc., wt% 7.7 10.8 8.95
SO, Conversion, % 47.2 2.2 50.0
Current efficiency, >99.0 100 99.0
%
Cell voltage, mV 450 607 525

The presence of H,O in the cathode product requires
that unit operations be added to separate a pure H, product
stream from the H,/H,O mixture in stream 3. The first step
is the cooling of stream 3 to 40°C using HX-14 (stream
75). Stream 75 is then adiabatically flashed in KO-10. The
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liquid stream exiting KO-10, containing approximately
99.97 wt% H,0, is depressurized through THR-04 (stream
80) to 1 bar and flashed adiabatically in KO-11. The vapor
effluent from KO-11 (stream 81), with about 57.7 wt% H,
is subsequently repressurized to 20 bar by means of a
multi-stage compressor (MCOMP-01) and returned to KO-
10. The liquid stream exiting KO-11 (stream 83) still
contains a very small amount of H,.

A generic separator (SEP-01) is used to recover the
last of the H, into vapor stream 84. The mechanism by
which the separator will operate has been left
undetermined, but this should not be an issue because the
quantity of H, involved is so small and its solubility in
H,O so low. The recovered H, (stream 84) is then
pressurized to 20 bar using MCOMP-02 and returned to
KO-10. The pure liquid H,O effluent from SEP-01
(stream 86) is pressurized to 20 bar via PUMP-11 (stream
87) and sent to absorber TO-02 in the SO,/O, separation
section.

The vapor stream exiting KO-10 (stream 76) contains
about 99.6 mol% H,. The small fraction of H,O remaining
is removed by a dryer (DR-02). Liquid H,O exiting DR-
02 (stream 78) is recycled back to KO-10. The H, product
stream exiting DR-02 (stream 77) contains 1 kmol/sec of
pure H; at 40°C and 20 bar.

The H,SO, concentration process is performed in five,
sequential flash steps before the H,SO, enters the high-
temperature decomposition loop. Concentration begins
with spent anolyte (stream 5), containing about 5.6 wt%
SO, dissolved in 70 wt% H,SO,4. The pressure of the spent
anolyte is reduced through an adiabatic throttling device
(THR-01) to 2.55 bar (Stream 6). Stream 6 is then heated
in HX-01 (stream 7) to 120°C before being flashed in
knock-out pot KO-01, vaporizing over 85% of the
dissolved SO,. The pressure of the liquid stream leaving
KO-01 (stream 9) is reduced to 0.45 bar by THR-02
(stream 10), and then heated to 130°C by HX-02 (stream
11) before being flashed in KO-02. The pressure of the
liquid stream exiting KO-02 (stream 13) is reduced still
further to 0.086 bar by THR-03 (stream 14), heated to
145°C by HX-03 (stream 15), and then flashed in KO-03.
These three steps produce a liquid stream (stream 17)
which is about 83.6% H,SO,4 by weight and contains less
than 0.1 ppm SO,.

The next step in the acid concentration section
increases the pressure of stream 17 to 0.42 bar using
PUMP-01 (stream 18), and heats it to 208°C in HX-04
(stream 19) before flashing the solution in KO-04. The
resulting liquid (stream 21) is pressurized to 2.25 bar using
PUMP-02 (stream 22), and heated to 280°C by HX-05
(stream 23) before the solution is flashed in KO-05. This
results in the liquid stream 25 consisting of hot
concentrated acid at 89% H,SO,4 by weight.

PUMP-03 is used to pressurize the hot concentrated
H,SO, to 20 bar (stream 26), which is then fed to the top
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of the packed column (TO-01) in the high temperature
H,S0O, decomposition loop.

TO-01 has twenty equilibrium stages and functions as
a direct contact exchanger and SOs;/H,SO, trap. Hot
(280.6°C) concentrated acid (stream 26) is fed to the top,
while partially cooled decomposition reactor effluent
(stream 55), which consists of H,O, H,SO,4, SOs, SO,, and
O, vapor at 394°C, is fed to the bottom. The vapor
overhead (stream 56) removes H,O but very little of the
unreacted H,SO4 and SOs;. This results in an increased
acid concentration (94.2%) in the bottoms (stream 52) at a
temperature of 411.8°C.

The concentrated acid (stream 52) is circulated to HX-
15 where it is vaporized and superheated to 700°C (stream
53) using a possible combination of hot helium secondary
reactor coolant and interchange with stream 54. Stream 53
then enters the decomposition reactor (RX-01) where it is
heated to a 900°C effluent temperature using hot helium
secondary reactor coolant. The effluent from RX-01
(stream 54) is sent to HX-16 where it is cooled to 350°C
and fed to the bottom of TO-01 (stream 55).

The vapor overhead of TO-01 (stream 56) is cooled to
235°C by HX-17 (stream 57). This causes a portion of the
stream to condense. The liquid portion (stream 58) is
separated in reflux drum KO-09, and only the vapor
portion (stream 59) is withdrawn from the decomposition
loop.

The H,SO, concentration and decomposition
operations produces various vapor streams that need to be
condensed, combined (with all of the SO, dissolved in the
liquid phase and all of the O, removed), and repressurized
to 20 bar. Stream 59 is cooled to 100°C to condense
roughly half of the stream. The solution is flashed in KO-
12, to produce a liquid and vapor stream. The liquid
(stream 62) is cooled to 40°C in HX-19, before being sent
to MIX-01 via stream 63. The vapor effluent from KO-12
(stream 61) is cooled to 40°C in HX-20 (stream 64).
Stream 64 is then flashed in KO-13 to produce a liquid
(stream 66), and a vapor (stream 65). Stream 65 is sent to
TO-02, while stream 66 is forwarded to MIX-01.

The effluent from KO-05 (stream 24) is cooled to
40°C by means of HX-06 and pressurized to 20 bar using
PUMP-04 (stream 32). The effluent from KO-04 (stream
20) is cooled to 40°C in HX-07 and pressurized to 20 bar
via PUMP-05 (stream 33). Streams 32 and 33 are
combined to form stream 34.

The effluent from KO-03 (stream 16) is cooled to
40°C in HX-08 (stream 29), and flashed in KO-06. The
liquid stream exiting KO-06 (stream 36) is compressed to
20 bar by means of PUMP-06 (stream 37). Stream 37 is
combined with stream 34 and sent to TO-02. The vapor
stream leaving KO-06 (stream 35) is compressed to 0.45
bar via CO-01 (stream 39) and cooled to 40°C using HX-
11 (stream 40).
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The effluent from KO-02 is cooled to 40°C in HX-09
(stream 30) and flashed in KO-07 along with stream 40.
The liquid stream exiting KO-07 (stream 42) is pressurized
to 20 bar by PUMP-07 (stream 43) and forwarded to TO-
02. The vapor stream exiting KO-07 (stream 41) is
compressed to 2.55 bar with CO-02 (stream 44), and
cooled to 40°C in HX-12 (stream 45).

The effluent of KO-01 is cooled to 40°C by means of
HX-10 (stream 31), and flashed in KO-08 along with
stream 45. The resulting liquid (stream 47) is pressurized
to 20 bar using PUMP-08 (stream 48) and sent to the MIX-
01. The vapor stream leaving KO-08 (stream 46) is
compressed by CO-03 to 12 bar (stream 49) and cooled to
40°C by HX-13 (stream 50), where it completely
condenses. Stream 50 is then pressurized to 20 bar by
PUMP-09 (stream 51), and sent to MIX-01.

TO-02, the SO, Absorber, is a twelve-stage packed
column operating at 20 bar. The liquid streams 43, 38, and
70 are fed to TO-02 on different stages depending on SO,
content to ensure optimal separation. Vapor streams 66
and 67 enter at the bottom of TO-02. The amount of
makeup H,O fed to TO-02 (stream 70) is set to equal the
molar production rate of H, in E-1 (stream 3) to satisfy the
material balance.

The SO,-enriched bottoms from TO-02 (stream 74) is
fed to the anolyte prep tank, MIX-01. The moist O,
overhead from TO-02 (stream 71) is passed through DR-
01, a drying/polishing bed that removes the remaining
H,0 and trace SO, to produce a pure O, product (stream
72). Liquid H,O and dissolved SO, removed by DR-01
are sent to MIX-01 via stream 73.

MIX-01 is the anolyte prep tank. The liquid streams
48, 51, 63, 65, 4, 74, and 73 are combined in MIX-01 to
form the anolyte feed to the electrolyzer. Mixing of these
streams results in a small vapor fraction that is sent to TO-
02 via stream 67. The combined liquid anolyte (stream 68)
is pressurized by PUMP-10 to 21 bar (stream 69) and
cooled to 80°C by HX-21 (stream 1). Stream 1 is then fed
back to the anolyte inlet of E-1.
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Fig. 5 SRNL HyS Flowsheet Composite Curves
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The Aspen Plus™ simulation of this flowsheet was
used to perform a pinch analysis with Aspen HX-Net. The
resulting composite curves are shown in Fig. 5 above.
Table II below summarizes the heat exchange requirements
for a 1-kmol Hy/sec production rate, while Table III lists
the work requirements, including the SDE electricity
demand.

TABLE II
Heat Exchange Requirements for the SRNL HyS Flowsheet

. o Duty, Tempfrature,
Unit No. Description KW ’ C
Inlet | Outlet
HX-01 Heat Exchanger 16,364 73.0 120.0
HX-02 Heat Exchanger 5,823 116.9 130.0
HX-03 Heat Exchanger 70,257 100.6 145.0
HX-04 Heat Exchanger 30,264 | 145.0 | 208.0
HX-05LT Heat Exchanger 16,557 | 208.1 | 270.0
HX-05HT Heat Exchanger 8,352 272.0 | 280.0
HX-06HT Heat Exchanger 533 280.0 | 270.0
HX-06LT Heat Exchanger 9,698 266.0 40.0
HX-07 Heat Exchanger 13,497 | 208.0 40.0
HX-08 Heat Exchanger 58,847 145.0 40.0
HX-09 Heat Exchanger 2,108 130.0 40.0
HX-10 Heat Exchanger 795 120.0 40.0
HX-11 Heat Exchanger 171 214.4 40.0
HX-12 Heat Exchanger 280 194.4 40.0
HX-13 Heat Exchanger 3,836 174.2 40.0
HX-14 Heat Exchanger 22,419 78.9 40.0
HX-15A Heat Exchanger 238,096 | 339.9 475.0
HX-15B Heat Exchanger 137,856 | 475.0 | 700.0
HX-16A Heat Exchanger 126,867 | 900.0 | 475.0
HX-16B Heat Exchanger 80,037 475.0 350.0
HX-17HT Heat Exchanger 14,428 | 322.5 | 270.0
HX-17LT Heat Exchanger 7,316 267.8 | 235.0
HX-18 Heat Exchanger 81,582 | 236.0 100.0
HX-19 Heat Exchanger 7,702 100.0 40.0
HX-20 Heat Exchanger 20,944 100.0 40.0
HX-21 Heat Exchanger 40,645 93.4 80.0
RX-01 Decomp. Rxtr. 149,718 | 700.0 | 900.0
MComp-01/1 | Intercoler 1 4.6 182.0 | 100.0
MComp-01/2 | Intercoler 2 9.3 267.4 100.0
MComp-01/3 | Intercoler 3 18.5 267.5 40.0
MComp-02/1 | Intercoler 1 0.21 184.1 100.0
MComp-02/2 | Intercoler 2 0.42 270.1 100.0
MComp-02/3 | Intercoler 3 0.57 270.3 40.0

03/16/2007



Using the heating utility target of 342.1 MJ/kmol H,,
and converting the total work requirement, 104.0 MJ./kmol
H,, to its thermal equivalent, 216.6 MlJy/kmol H,
(assuming that high-temperature nuclear heat is used to
make electric power for the process at 48% efficiency with
an advanced Brayton cycle Power Conversion Unit), the
net thermal efficiency for hydrogen production is 51.1%
on a higher heating value (HHV) basis. This provides a
benchmark against which to measure the performance of
other SDE configurations and flowsheet arrangements.

Table II1

Shaft/Electrical Work Requirements for the SRNL HyS

Flowsheet
. . Work, Temp., °C
Unit No. Description KW let | Outlet
CO-01 Compressor 25.11 40.0 | 2144
CO-02 Compressor 139.4 40.3 194.4
CO-03 Compressor 733.5 40.3 174.5
MCOMP-01 | Multi-stg. Comp. 26.52 40.4 40.0
MCOMP-02 | Multi-stg. Comp. 1.21 40.4 40.0
E-01 SDE 102,333 | 80.0 78.9
PUMP-01 Pump 3.18 145.0 | 145.0
PUMP-02 Pump 17.42 208.0 | 208.1
PUMP-03 Pump 188.6 280.0 | 280.6
PUMP-04 Pump 13.38 40.0 40.7
PUMP-05 Pump 18.88 40.0 40.6
PUMP-06 Pump 66.12 40.0 40.3
PUMP-07 Pump 5.73 40.3 41.5
PUMP-08 Pump 1.36 40.3 41.5
PUMP-09 Pump 9.62 40.0 41.1
PUMP-10 Pump 107.1 93.4 93.4
PUMP-11 Pump 295.7 40.4 40.5

111.B. SRNL Electrolyzer Modifications

The SRNL flowsheet was based on the results of
earlier work at Westinghouse (with an SDE that used a
microporous diaphragm separator between the anode and
cathode chambers'®), taking into account the expected
behavior of PEM-based SDEs. However, after more than
two years of PEM-based SDE electrolyzer development
work at SRNL,’ it now appears that at least some of the
assumptions used in building the flowsheet need to be
revisited.

The most important of these is how high an H,SO,
concentration to maintain in the anolyte. Excess water
must be removed prior to H,SO, decomposition, increasing
the overall heat requirement, so the higher the anolyte acid
content, the higher the thermal -efficiency of the
decomposition process. The earlier (Westinghouse) work

WSRC-STI-2007-00136

Proceedings of ICAPP 2007
Nice, France, May 13-18, 2007
Paper 7138

suggested H,SO,4 concentrations up to 65 wt% could be
used in the SDE. However, Nafion® membranes do not
appear to work very well at such high acid levels. The
H,SO, concentration may actually need to be considerably
less than 65 wt%. That could greatly reduce the thermal
efficiency of the high-temperature decomposition process.

This trade-off between cell performance and H,SO,
decomposition thermal efficiency needs to be investigated
with the flowsheet model because SDE requirements could
conceivably dictate an acid concentration that would be
impractical from the perspective of the decomposition
process. Such a study is underway, and the results will be
reported when they become available.

Other changes being evaluated include various ways
of reducing or mitigating the effect of SO, cross-over from
the anode to the cathode, and replacement of the high-
temperature decomposition loop (units TO-01, HX-15,
HX-16, and RX-01) with the new bayonet reactor design
that is being developed for use in the SI process by Sandia
National Laboratories (SNL)."®'” SNL’s high-temperature
decomposition reactor design may help offset some of the
loss in thermal efficiency caused by operating the SDE at
lower H,SO, concentrations because of its efficient energy
recovery. Flowsheet models have been prepared and the
effects of the proposed changes are being studied. Results
will be reported as soon as the work is completed.

111.C. Other Electrolyzers and Flowsheets

Similar analyses are being prepared for two other
electrolyzer configurations. One of these is the SDE
design of Weidner and co-workers at the University of
South Carolina (USC), illustrated in Fig. 6 below.

 J

Anode Cathode
2e
H2S04(aq) (+) -)
H 1 v
SOs(aq) + H0(l) —
HzSO4(aq) v He(0)
. 2H*
, 2H"+2e — Hilg)
SO4(g) + Ho0() — .| || 2H0
SOsfag) +2H" +2 e;,,f ™.
S0} pey MO0
Separator

Fig. 6 USC SO,-Depolarized Electrolyzer Configuration
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The USC SDE feeds gaseous SO, to the anode and liquid
H,O to the cathode. H,O diffuses across the PEM from the
cathode to the anode, where it reacts with SO, to form
concentrated H,SO,4 product. The protons and electrons
that are also produced recombine at the cathode where they
form H, bubbles that accumulate and are withdrawn as
product.

The flowsheet is similar to that used for the SRNL
SDE with a few changes. The biggest difference is that the
product of the high-temperature decomposition reaction is
treated differently, so that a gaseous SO, stream can be fed
to the anode.

The other SDE configuration is the staged electrolysis
and SO, absorption concept proposed by Westinghouse
Electric® (Fig. 7 below).

Feed Water i 37°CT ngg£2g2
4 H, First I
Absorber | 80% Efficiency
18% SO, [ 4
* 0,/22% SO,
_H, First 25.8% H,SO,
B Electrolysis + 55°C
Second o .
Absorber |96% Efficiency
21% SO, [ 4
v 0,/40% SO,
2 | second 53.7% H,S0,
- Electrolysis +64°c
Third N
Absorber |40% Efficiency
20% SO, [ 4
H v 0,/52% SO,
P Third 73.9% H,S0,
Electrolysis ¥64°C
Fourth Makeup SO,
Absorber | 289, Efficiency
16% SO, | 4
v 0,/59% SO,
<2 | Fourth 87.3% H,SO,
Electrolysis +75°C
Fifth =
Absorber 64% Efficiency
; 21% SO, ]
H, Fifth 50% H,SO, Inlet SO,/H,0/0,
Electrolysis Stream From

Scrubber/Cooler

Fig. 7 Westinghouse Five-Stage SDE/SO, Absorber Design
(reproduced from Ref. 8)

The flowsheet is presented in detail elsewhere.® It differs
substantially from the SRNL flowsheet. SO, absorption is
staged in conjunction with the SDE, and all five SDEs
operate at very different conditions.
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Both the USC and Westinghouse flowsheets are being
modeled in Aspen Plus™ and analyzed with HX-Net,
using the same bases and properties models as the SRNL
process. The results will be reported when they become
available.

IV. CONCLUSIONS

Several different ways of carrying out the SO2-
depolarized electrolysis step in the HyS cycle have been
proposed. These alternatives are being evaluated with
complete flowsheet simulations and on a common design
basis using Aspen Plus™. Sensitivity analyses are being
performed to assess the performance potential of each
configuration, and the flowsheets optimized for energy
recovery. Net thermal efficiencies are being calculated for
the best set of operating conditions for each flowsheet and
the results compared. To date, the analysis has been
completed only for the SRNL flowsheet, which should be
capable of achieving 51.1% net thermal efficiency (HHV
basis). The USC and Westinghouse flowsheets are being
evaluated at this time, as are several modifications to the
SRNL process. Results will be reported upon completion.
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NOMENCLATURE

AspenTech Aspen Technology, Inc.
DOE U. S. Department of Energy

ELECNRTL Electrolyte-NRTL (properties method)
H, Hydrogen

H,O Water

H,SO, Sulfuric acid

HHV Higher heating value, 286 kJ/mol H,”
HyS Hybrid Sulfur

H" Hydrogen cation (proton)

NHI Nuclear Hydrogen Initiative

0, Oxygen

PEM Proton exchange membrane

SDE SO,-depolarized electrolyzer
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SI Sulfur-Todine

SNL Sandia National Laboratories

SO, Sulfur dioxide

SO, Sulfur trioxide

SRNL Savannah River National Laboratory

uscC University of South Carolina

\% Volts
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