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Design

Cost

A conceptual design and economic analysis are presented for a hydrogen production plant
based on the use of thermochemical water splitting combined with a solar central receiver.
The reference design consists of a Hybrid Sulfur thermochemical process coupled to a solar
plant, based on the particle receiver concept, for a yearly average hydrogen production rate
of 100 tons per day. The Hybrid Sulfur plant has been designed on the basis of results
obtained from a new flowsheet ASPEN Plus® simulation, carrying out specific evaluations
for the Sulfur dioxide Depolarized Electrolyzer, being developed and constructed at
Savannah River National Laboratory, and for the sulfuric acid decomposition bayonet-
based reactor, investigated at Sandia National Laboratory. Solar hydrogen production
costs have been estimated considering two different scenarios in the medium to long term
period, assuming the financing and economic guidelines from DOE’s H2A model and per-
forming ad hoc detailed evaluations for unconventional equipment. A minimum hydrogen
production specific cost of 3.19 $/kg (2005 US $) has been assessed for the long term period.
The costs, so obtained, are strongly affected by some quantities, parameters and
assumptions, influence of which has also been investigated and discussed.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

fuel cells. Hydrogen provides a means of energy storage,
which is especially important as future energy systems

The push for lowering the consumption of fossil-based fuels,
both for stationary power production and for vehicles, is
dictated by a need for reducing the addiction to fossil fuels and
for lowering emissions of pollutants, such as carbon dioxide,
particulate, etc.

Widespread use of hydrogen as an energy carrier (and fuel)
to replace liquid and gaseous fuels is one of the viable
methods to accomplish it in the medium to long term period.
Hydrogen can complement electricity as the major energy
carriers in what has been referred to as the Hydrogen
Economy. Electricity can be used to produce hydrogen from
water; and hydrogen can be used to generate electricity using

* Corresponding author. Tel.: +1 803 725 7766; fax: +1 803 725 8829.
E-mail address: william.summers@srnl.doe.gov (W.A. Summers).

employing a large percentage of renewable energy sources are
considered. For example, renewable resources, such as solar
energy or wind power, can be used to produce hydrogen,
which can be transported and stored for later use in auto-
mobiles or other applications.

Although hydrogen is the most abundant element in the
universe, it is very reactive and does not occur in significant
quantities in a pure state on the Earth. Hydrogen is practically
present only bound to other atoms (e.g. oxygen, carbon) to
form molecules of various kind (e.g. water, hydrocarbons).
Thus, to make the Hydrogen Economy a real possibility, an
important issue to be addressed regards the hydrogen
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Nomenclature

CpH Helium specific heat, J/kg-°C
Cps Sand specific heat, J/kg-°C

dp Sand particle mean diameter, m
Dr IHX tube diameter, m

f Corrective factor for LMTD
GA General Atomics

H2A Hydrogen Analysis (DOE code)
HHV Higher Heating Value

Hys Hybrid Sulfur cycle

IHX Intermediate Heat Exchanger
INL Idaho National Laboratory

LHV Lower Heating Value

LMTD Log Mean Temperature Difference in the IHX, °C

Mpe IHX loop helium flow rate, kg/s

Nugy IXH tube side (helium) Nusselt number, defined as:
Uy -Dr/Au

Nug IXH shell side (sand) Nusselt number, defined as:
Us-Dr/)s

o&M Operating and maintenance

P IHX loop helium maximum pressure, bar

PCF Plant capacity factor

Peg IXH shell side (sand) Peclet number, defined as:
Us*Cps* ps*D1/2s

Pry IXH tube side (helium) Prandtl number, defined as:
CpH',“H/ AH

Rey IXH tube side (helium) Reynolds number, defined
as: p Vg Dr/pun

S Heat transfer area in the IHX, m?

SDE SO, depolarized electrolyzer

SI Sulfur Iodine cycle
SNL Sandia National Laboratory

SRNL  Savannah River National Laboratory

T, IHX loop station 2 temperature (Fig. 10), °C

T3 IHX loop station 3 temperature (Fig. 10), °C

Ts IHX loop station 4 temperature (Fig. 10), °C

Ts IHX loop station 5 temperature (Fig. 10), °C

TPD Tons per day

U, Overall heat transfer coefficient in the IHX, W/m?-
°C

Uy IHX tube side (helium) heat transfer coefficient,
W/m?-°C

Us IHX shell side (sand) heat transfer coefficient, W/
m?-°C

Un IHX helium stream velocity, m/s

Us Approach velocity of sand stream, m/s

W Thermal power exchanged in the IHX, W

Greek letters

8 IHX loop compression ratio

n HyS process efficiency

Ne IHX loop compressor overall efficiency
(accounting for isentropic and mechanical
efficiency)

el Thermal-electric efficiency

Mg IHX helium conductivity, W/m-°C

As IHX sand conductivity, W/m-°C

e Helium viscosity, kg/m-s

s Sand viscosity, kg/m-s

P Helium density, kg/m?

s Sand density, kg/m?

production. Water splitting and biomass decomposition [1]
seem to be the best methods to produce hydrogen globally
avoiding CO, production.

To generate hydrogen by water molecule splitting, only
electrolysis [2] and thermochemical processes [3,4] seem to
have potential to be real candidate on both small and large
scale scenarios. The first process requires external electric
power, while thermochemical cycles require external thermal
power and, depending on the cycle, also electric power. Since
conventional (low temperature) electrolysis is based on using
electricity to dissociate water, the overall hydrogen produc-
tion efficiency is the product of the electric generating effi-
ciency and the electrolyzer efficiency. The resultant overall
efficiency is likely only 20—24%, based on the Lower Heating
Value (LHV) of the product hydrogen. More efficient processes,
including steam (high temperature) electrolysis and thermo-
chemical cycles have been identified. Overall hydrogen
generation efficiencies of over 40% may be possible, resulting
in the production of nearly twice as much hydrogen for the
same amount of energy input.

Thermochemical processes operate indirect water splitting
by means of auxiliary substances, which are recycled inside
the plant with a series of externally driven chemical reactions.
In general, thermochemical cycles are more attractive than
water electrolysis because of their higher efficiency [3-5].
Since 1960’s more than 100 processes have been analyzed and
deeply investigated to see the effective potential as candidates

to produce H, [3,4,6]. Sulfur family thermochemical cycles,
which see a common high temperature H,SO, decomposition
section, are among the most attractive ones, due to their
favorable intrinsic features compared to other competitive
processes (e.g. relatively low temperatures, low dangerous-
ness of recycled substances, good knowledge of chemical
reactions in the H,S0, decomposition section, etc.) [3,4].

In particular the Hybrid Sulfur (HyS) cycle, which is being
investigated all around the world, was identified by the
Nuclear Hydrogen Initiative (NHI) program as one of the first
priority baseline processes to be coupled to a nuclear plant, as
well as it is among the main candidates for solar hydrogen
production, within the DOE Solar Thermochemical Hydrogen
(STCH) project.

Savannah River National Laboratory has been involved in
developing and building the SO, depolarized electrolyzer
(SDE), which is the distinguishing component of the HyS plant,
inside the NHI program, and is involved in the STCH project to
evaluate the effective techno-economic feasibility of the HyS
plant driven by solar power. The latter activity results are the
matter of the present paper.

2. The HyS process

The HyS cycle was first proposed by Westinghouse Electric
Corporation and developed since 1970s and 1980s [7—10].
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This cycle is one of the most advanced, promising and
simplest thermochemical processes, comprising only two
global reaction steps and having only fluid reactants.

A simple scheme of the process is reported in Fig. 1.

The first step (sulfuric acid decomposition section) where
H,SO0, is decomposed into SO,, O, and H,0 is common to all
sulfur-based thermochemical cycles. This is an endothermic
process which requires external power to be delivered at
temperatures usually higher than 800 °C to make the decompo-
sition feasible. Depending on features of the overall process,
H,S0, (in a water mixture) needs to be preliminarily concentrated
and vaporized. Upon further heating it decomposes, producing
sulfur trioxide (SO5) and steam (de-hydration reaction):

H,S04(aq) —S0s(g) + H.0(g) o]

After further heating in a catalytic reactor, SO; is split into
SO, and O

S03(g) > S0,(g) + 1/20,(g) 2

The mixture of SOs, SO, 0, H,O and un-reacted H,SO,
decomposition, is cooled and, after O, is removed from the
process, SO, and H,0 are recycled and suitably combined
again, feeding the anode of the SDE (Fig. 2), which is the
essential component of the second step (SO, oxidation
section) of the HyS cycle.

Sulfur dioxide is electrochemically oxidized at the anode of
the SDE to form H,SO4, protons and electrons (Fig. 2), following
the reaction (3):

SO, + 2H,0—H,S0, + 2H" + 2e~ 3)

Protons H* are conducted across the electrolyte separator to
the cathode and recombine with electrons e~ (forced to pass
through an external circuit) to form H,.

2H' +2e” —H, )

The H,S0,4 produced at the anode is recycled to the H,SO4
decomposition section, closing the cycle (Fig. 1).

The standard cell potential for SO, depolarized electrolysis
is —0.158 V at 25 °C [5], while the reversible potential for SO,
dissolved to saturation at 1 bar in a 50 wt.% H,SO,—H,0
solution becomes —0.243 V [5]. This implies that the HyS cycle
electricity consumption is much lower than water electrolysis
process, being the reversible potential for water electrolysis at

Heat
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Fig. 1 — The HyS cycle scheme.

50, +2H,0 ]

Anode Cathode
2e
H,S0.4(aq) (+) )
'
S0s(aq) + H:0() —
H;S04(aq) v e

>

“2H +26 — Hifg)

SOx(aq) + HO(l) —*-.
SOs(aq) + 2H'+2 €

S0;(aq), H20())

\ Electrolyte Separator

Fig. 2 — The SO, Depolarized Electrolyzer (SDE) concept.

25 °C equal to —1.229 V [5]. Actually, the SDE is expected to
operate at potential higher than -0.243 V, mainly due to
ohmic resistance losses, mass transport losses and kinetic
resistance losses'. On the basis of experimental results
obtained at SRNL, a potential of —0.6 V is attainable at current
density of 500 mA/cm?, under operating temperatures of the
order of 100 °C, pressures of greater than 10 bar and with an
anode feed stream consisting of SO, dissolved in a 50 wt%
H,S0,—H,0 solution. Under these conditions, with a working
pressure of 21 bar, the SDE requires 115.7 kje/molSO,. This
represents the goal for the SRNL’s SDE and the baseline
conditions for further evaluations carried out in the
remainder of the paper. More details regarding the activities
carried out on the SDE are reported elsewhere [5].

The other essential component of the HyS process is the
high temperature H,SO, decomposition reactor. An innovative
bayonet heat exchanger-based reactor has been assumed as
the baseline concept, since it is particularly adequate to meet
the requirements of the sulfuric acid decomposition process in
the HyS plant. In particular, by this approach: (1) the high
temperature internal heat recovery is realized in a single heat
exchange device; (2) all the external connections can be made
at relatively low temperatures, allowing the use of polytetra-
fluoroethylene of similar (inexpensive) materials for seals.

A simplified schematic of this device is depicted in Fig. 3.
The concentrated liquid H,SO, water mixture, which feeds the
bayonet reactor (Inlet in Fig. 3), is boiled, dehydrated, super-
heated and catalytically decomposed into SO,, O, and H,0, in
the outer annular zone of the device. The high temperature
product goes down through the inner tubular part of the
bayonet, where water condenses and SO; and H,0 recombine
into H,SOy, releasing heat to the feeding mixture. Further heat
amount is supplied by a high temperature external source, to
make the overall decomposition process feasible.

Silicon carbide (SiC) material seems to be able to resist such
extreme conditions (i.e. high temperatures, corrosive and
oxidizing environments, etc.) and shows excellent heat

1 Water electrolysis is expected to operate at voltage levels
higher —1.229 V, in the range of —-1.8 V to —2.0 V.
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Fig. 3 — Schematic of thebayonet-based H,SO, decomposer.

transfer features (i.e. high conductivity). The baseline bayonet
reactor was developed at Sandia National Laboratory (SNL),
which has been the leading investigator in the decomposition
of sulfuric acid for the NHI program. The design utilizes SiC as

270 00
|

the constitutive tube materials, both for the external
end-closed tube and for the internal open tube. These SiC
shapes are easily (and already) available. A prototype reactor
was built and successfully demonstrated by SNL under the
NHI program [11].

A numerical model of the bayonet reactor has been set up
at SRNL basically considering a lumped parameter steady
state plug flow reactor concept, constituted by more than 100
single reactor units, and taking into account chemical equi-
librium reactions. A more detailed description, with all the
assumptions, can be found elsewhere [5].

Steady state simulations of the bayonet model have been
carried out by ASPEN Plus® in order to find the minimum
external power requirement for the H,SO, decomposition
process, under different operating conditions.

On the basis of results obtained from the simulations and
considerations on the solar matching of the HyS plant, carried out
at SRNL, the solar coupled bayonet reactor has been assumed to
work under the following conditions: (1) the feed H,SO, water
mixture concentration is 75 wt.%, (2) the pressure of the feeding
H,S0, mixture is 40 bar, (3) the peak temperature is 920 °C. An
overall pressure drop of 2 bar inside the bayonet has also been
assumed, on the basis of evaluations carried out at SRNL.

ASPEN Plus® simulation results for the solar case are
reported in Fig. 4.

The concentrated H,SO, mixture feeds the component at
40 bar and 120 °C and it is preheated, vaporized and super-
heated up to 675 °C with first decomposition process of H,SO4
into SOs;. This temperature has been set as the catalytic
decomposition starting temperature. H,SO,4 (and SOs) is cata-
lytically decomposed into SO, and O, up to 920 °C in gaseous
phase and the productis cooled to 480 °C, with re-association of
SO5; and water into H,SO,4, and condensed down to tempera-
tures of the order of 256 °C.

In Fig. 5 H,SO, decomposer heating and cooling curves
obtained by pinch analysis of the bayonet model are reported

{__) Superheat {__) Decompose

HTR1 k f? J

Q=81.01 HTR2

Q=476.35 .
Preheat Vaporize

\
4l ]
HTR3 % %
Q=23.48 HTR4 RXTR

Q=134.58

SRR EEEEEEEEEEEEEEE -uu-u-u-

H :
CLR4 i S :
: G=1821" Condense CLR3 CLR2 H
: DMY Q=-281.56 Q=-15.40 CLR1 :
H Q=0.00 Q=-248.79 Center :

O Temperature (C)

Q  Duy(MW)

Fig. 4 — ASPEN Plus® bayonet model with results for a feed flow rate of 275.6 kg/s (with production of 1.39 kmol/s of SO,) under solar
case operating conditions (feed H,SO, mixture 75 wt.%, inlet pressure 40 bar, peak temperature 920 °C) with pressure drop of 2 bar.
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plotting the temperatures in the ordinate and the relative
heat duty in the abscissa, under the solar case conditions,
assuming a pinch of 10 °C. A minimum high temperature
heat duty (hot utility) of 358 kj/molH, is required with the
pinch temperature at approximately 363 °C (373 °C in the
cooling curve). A cold utility duty of approximately 109 kJ/
molH, is needed to lower the product stream temperature
from 256 °C to 120 °C.

Based on the pinch analysis, the grand composite curve
has been constructed for a feeding flow rate of 275.6 kg/s. This
profile is reported in Fig. 6, showing that the needed external

Out H, Thermal Power

Energy balances of the process are reported in Table 1,
based upon ASPEN Plus® simulation results.

The high temperature power delivered to the bayonet
decomposer represents almost 83% of the overall thermal
power needed to sustain the HyS process. The remainder is
needed to the H,SO, concentration column boiler. Approxi-
mately 97% of the electric power is needed for the SDE and the
remainder is due to auxiliary equipment inside the HyS
process (i.e. compressor and pumps). Hydrogen is produced at
100 °C and 21 bar.

The HyS process efficiency, 7, is defined as follows:

’)7 =
High T Thermal Power + Low T Thermal Power +
Nel

power can be delivered by a hot utility fluid, such as helium,
air, etc, at temperature of 950 °C down to 400 °C, assuming
a minimum temperature difference of 25 °C for the integrated
heat transfer process. The profile shown in Fig. 6 represents
the solar baseline approach to deliver the needed thermal
power to the H,SO, decomposition process.

On the basis of solar case boundary conditions, consider-
ations and results obtained for the SDE and the bayonet
reactor a new detailed flowsheet has been developed at SRNL,
initially set up for a nuclear driven HyS cycle [5] and then
suitably adapted to the present solar case (Fig. 7) considering
different working conditions.

This flowsheet has been developed with the aim of
achieving the best integration between the SDE and the
bayonet decomposer and the highest allowable efficiency,
considering only commercially available equipment, for the
more traditional components of the cycle, adequately modi-
fied and designed for the specific operating conditions of the
various plant sections. With reference to Fig. 7, SO, is dis-
solved in 43wt.% sulfuric acid and fed to the anode of the SDE
(Stream 2). Approximately 40% of the SO, is reacted, producing
H,S0, in water at 50 wt.% leaving the SDE (Stream 11). This
solution seems to represent the best compromise between
electricity consumption and SO, recycling inside the process
(i.e. to reach the highest efficiency).

The H,S0,—S0, water mixture produced at the SDE anode
is then concentrated up to 75 wt.% before feeding the
decomposition reactor. The concentration of H,SO, is realized
by two flashes in series, KO-02 and KO-03, (operating at 1 and
0.3 bar) and a vacuum column, TO-01, (at 0.13 bar) which
requires low temperature thermal power for the reboiler. The
SO, extracted from the H,SO, concentration section is recy-
cled (SO, Recycle Compressor) and sent to the Anolyte Prep
Tank, feeding the anode of the SDE. The H,SO, un-
decomposed in the high temperature reactor is recycled and
concentrated again (KO-06, KO-07 and TO-01).

The O, produced in the sulfuric acid decomposer needs
separating from SO, and H,0 before extraction as byproduct.
The O, separation is realized by 4 knock out devices (KO-08,
KO-09, KO-10, KO-11) operating at different pressures and by
an absorber-column (TO-02).

Electric Power

with out H, Thermal Power (MWt) being the thermal power
available from the hydrogen produced in the plant and based
on the H, LHV; High T Thermal Power (MWt) the needed
thermal power supplied to the process to decompose H,SOy4;
Low T Thermal Power (MWt) the needed thermal power to
concentrate sulfuric acid and Electric Power (MWe) the electric
power supplied to the HyS process for the SDE and auxiliaries,
with a thermal-electric efficiency, 7.

The current HyS process, based on the commercial
flowsheet described above, shows an efficiency of approxi-
mately 33%, based upon the LHV of hydrogen and assuming
ne1 equal to 40%. This is equivalent to a hydrogen production
efficiency of 39% based on the Higher Heating Value (HHV),
a method more commonly used in the electric power
industry. Advances to the HyS process have been identified
that could raise the efficiency to 40% (LHV) or 48% (HHV) in
the future.

3. The solar-thermochemical plant matching

Due to the maximum temperatures usually achieved in the
HyS cycle, the particle (sand) receiver solar tower concept has
been selected to collect the needed solar thermal energy and
deliver it to the thermochemical process.

A schematic of the solar tower is shown in Fig. 8 along with
the HyS plant interfaced equipment and the IHX loop, which
transfers heat from solar hot particle (sand) to HyS interfaced
components working fluid by means of an intermediate
thermal carrier. As shown in the figures, both the bayonet
reactor and the H,SO,4 concentration column boiler have been
assumed to be fed by the same solar tower?.

2To supply low temperature heat to the column reboiler
different approaches have been investigated: (1) steam heat
pump, recovering the heat available from the column condenser;
(2) solar condensing steam turbine power plant; (3) solar steam
back pressure turbine power plant. Based on results achieved and
to have a more simplicity in the arrangement [22], presently, both
the high temperature thermal power and low temperature
thermal power have been assumed supplied by the same solar
source.
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Bayonet reactor Heating and Cooling curves
(75wt% H,S0O, feed, 40 bar, 920 °C, 2 bar pressure drop)
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Fig. 5 — Bayonet reactor pinch analysis composite curves (temperature vs heat duty) under the solar case operating
conditions (feed H,SO, mixture 75 wt.%, inlet pressure 40 bar, peak temperature 920 °C) with pressure drop of 2 bar.

Alumina particle sand (with an average size of 600 pm) is
heated up to 1000 °C absorbing solar radiation inside the
insulated open cavity sand receiver. The particle receiver
conceptis studied and developed at SNL [12—14] and a scheme
is reported in Fig. 9. Particles fall as a thin curtain close to the
rear walls of the receiver, so they absorb thermal power from
the direct solar insolation that passes through the receiver
aperture and from the heater walls of the cavity. The heated
particles are then stored in the hot sand storage tank at
temperature of 1000 °C. A controlled flow of sand is permitted
to pass across the IHX from temperature of 1000 °C (Ts in
Fig. 10) to temperature of 600 °C (T, in Fig. 10). An intermediate
heat transfer fluid, such as helium or air, is heated in the IHX
and, in turn, delivers to the HyS plant both high temperature
thermal power for the bayonet reactor and low temperature
thermal power for the column reboiler. Sand is then stored in

the cold sand storage tank at 600 °C. The use of an interme-
diate heat transfer fluid to carry heat between the IHX and the
bayonet reactor was chosen to increase reliability and to
simplify the design of these units. However, it was considered
that the direct heating of the bayonet by the falling sand was
feasible following further development. This was considered
in the long term solar plant design.

Cold particles are extracted from the cold sand storage
tank and transported to the top of the receiver by a ceramic-
lined mechanical bucket lift, and stored in a buffer storage
area. The primary purpose is to alleviate the mismatch
between the potentially rapid variation in particle mass flow
rates through the receiver and the relatively slow response
time of the lift system. The particle mass flow rate extracted
from the buffer storage system, entering the receiver cavity, is
controlled by a regulating feeder.

Grand Composite Curve
(75wt% H,S0, feed, 920 °C peak temperature, 2 bar pressure drop)

1000
900 ""'i:::;;
800 —
o Hot Utility //
(&)
‘o 600 6
=
£ 500
@ | — HyS plant
2 300 ~_|
200 ““ﬂg\
100
(]
0 100 200 300 400 500
Enthalpy [MW]

Fig. 6 — Bayonet reactor pinch analysis grand composite curve under the solar case conditions (feed H,SO, mixture 75 wt.%,
inlet pressure 40 bar, peak temperature 920 °C) with pressure drop of 2 bar, for a feed flow rate of 275.6 kg/s with

a production of 1.39 kmol/s SO,.


http://dx.doi.org/10.1016/j.ijhydene.2011.05.173
http://dx.doi.org/10.1016/j.ijhydene.2011.05.173

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (20I1) 11604—11619

11610

199ysmoyj 34> SAH — /£ ‘Sz

SO-XH
SR dn-oxen o —)=

aikjouy e

Jojoe0Yy
jauofeg

janpoud uaboipAH

paad Jajepm

=}

1ossaidwon apphoeyios

jonpoud uabAxp



http://dx.doi.org/10.1016/j.ijhydene.2011.05.173
http://dx.doi.org/10.1016/j.ijhydene.2011.05.173

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (2011) 11604—11619

11611

Table 1 — Net specific (per molH,) energy balance of the
HyS cycle.

Output
H, production

Power [k]/molH,]
242.0 (LHV based)

Input Power [k]/molH,]
High temperature thermal power 358.0
(H2SO4 decomposition)
Low temperature thermal power 75.5
(HSO4 concentration column boiler)
Electric power (Electrolyzer and 119.5
auxiliaries)

Sand thermal storage equipment is needed to compensate
for the discontinuous and variable solar insolation during the
day and throughout the year. By this approach the IHX is
allowed to operate continuously, assuring working continuity
throughout the year for the overall HyS chemical process.

The IHX loop schematic flowsheet is shown in Fig. 10.

The present configuration sees helium as the IHX loop
energy carrier due to its inertness, good heat transfer char-
acteristics and potential leverages from nuclear applications.
The IHX loop can be modeled by classical heat exchange
process relationships (i.e. mass and energy balances). Equa-
tion system, so obtained, can be solved once values of a set of
quantities are known or established. These quantities are: p, 3,
Ne, T2, Ts, Mpe.

For the present IHX loop p value has been set to 40 bar
B value has been assumed equal to 1.034, with pressure drops
of the order of 1.3 bar for the overall IHX circuit and 7. has
been assumed equal to 0.73 (isentropic efficiency equal to 0.75
and mechanical efficiency approximately equal to 0.975 which

Solar tower

Particle receiver
Hot sand storage
IHX

Cold sand storage
Bucket lift

IHX recirculator
HyS bayonet

HyS column boiler

~NoOORWN=

IHX loop

HyS equipment

i 7 8

T

i 6
- A

Fig. 8 — The solar plant concept: the solar tower receiver is
matched to the HyS plant interfaced equipment by an
intermediate heat transfer loop (IHX loop).

~PARTICLE DISPERSION

INSULATED CAVITY

e

APERTURE FOR
SOLAR FLUX

\

Fig. 9 — Conceptual design of particle solar receiver (from SNL).

are reasonable values for a massive H, production). A pinch
temperature difference of 50 °C has been imposed for the IHX
on the basis of typical values for nuclear applications. Thus T,
is equal to 950 °C. According to evaluations carried out for the
bayonet reactor, considering that the lower Ts, the lower
recirculation compression work is, Ts has been fixed equal to
400 °C. Once mye is known, which value is a function of the H,
production level, the IHX loop flowsheet stream quantities can
be determined unequivocally.

Bayonet

IHX 9]

Boiler

< { }+
~/
Compressor

Fig. 10 — Intermediate heat exchanger loop (IHX loop): heat
is transferred from sand (3—4) to heat carrier (1-2) and, in
turn, delivered to the HyS equipment (Bayonet reactor: 2—5
and Column boiler: 5—6). A compressor (6—1) is needed to
re-circulate heat carrier fluid.
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Further evaluations are being carried out at SRNL to assess
the best operating pressure value, which comes out from the
optimum design point considering investment costs, lifetime
costs and system reliability.

4. The HyS solar plant energy balance

The U.S. Department of Energy has created a hydrogen anal-
ysis tool (H2A) [15] that provides a standard format and list of
parameters for reporting analysis results for various hydrogen
processes, including centralized production. The DOE’s H2A
guidelines have been assumed as the baseline approach to
carry out the design and economic evaluations of the solar H,
production system, considering two different time scenarios
to evaluate the performance and economic potential of the
solar HyS plant in the medium to long term period. The first
scenario sees 2015 as the starting year, while the second
scenario, for a longer period, sees the starting year at 2025.

The solar HyS plant has been designed assuming a yearly
average hydrogen production level of 100 metric tonnes per
day (TPD), or 578 mol/s. Given the Southwest USA desert
insolation features and weather, based on calculations carried
out by SNL, a plant capacity factor (PCF) of 75% (76% for the
2025 year) can be practically achieved, with a maximum solar
thermal storage of 13 h during the summer solstice (design
point) and a solar multiple of 2.7. Thus, assuming a yearly
average hydrogen production level of 100 TPD (578 mol/s), the
maximum H, production level during a year (i.e. average
production achieved during summer solstice day) is 133.3 TPD
(770 mol/s) for the 2015 scenario and 131.6 TPD (764 mol/s) for
the 2025 scenario and, based upon these values, the overall
HysS solar plant (HyS plant and solar plant) has been designed
and cost evaluated.

As a consequence, with reference to the current flowsheet,
the HyS plant power requirements for the 2015 scenario at the
design point of 100 TPD are:

1. Thermal power: 333.6 MWt. The high temperature H,SO,
dissociation requires 275.6 MWt (which represents almost
83% of the total thermal power), while the low temperature
requirement for the column boiler is 58 MWt (which
represents approximately 17% of the total thermal power);

2. Electric power: 92 MWe. The SDE requires 89.2 MWe, which
represents almost 97% of the total electric thermochemical
plant requirement, while 2.8 MWe are needed for the HyS
plant auxiliaries.

For the 2015 scenario, two solar towers are needed to drive
the HysS plant, each of which delivers to the thermochemical
process half the overall thermal power (i.e. approximately
167 MWt) by means of the IHX loop. Results of the ASPEN Plus®
simulation of the IHX loop are reported in Table 2, with
reference to the scheme in Fig. 10.

A helium flow rate of 48.3 kg/s is needed to deliver the
required thermal power for each tower of the HyS plant. Helium
recirculation compression power is approximately 5.4% of the
HyS plant total electric power (2.5 MWe per each IXH loop) and
solar thermal power absorbed by each solar receiver is

Table 2 — IHX loop (per each tower) stream table for

a yearly average H, production rate of 100 TPD under
solar operating conditions.

Stream ID Flow rate Pressure Temperature
(kg/s) (bar) (°C)

1 (He) 483 40.0 294

2 (He) 48.3 39.5 950

3 (Sand) 320.0 1.0 1000

4 (Sand) 320.0 1.0 600

5 (He) 48.3 39.0 400

6 (He) 48.3 38.7 284

approximately 164.5 MWt. Thus, given the solar multiple of 2.7,
each solar tower needs sizing for the peak power of 444 MWt.

Further 4.8% of the HyS plant electric power (2.25 MWe
per each solar plant) is needed for solar auxiliaries (e.g. bucket
lift, etc).

The 2025 scenario sees the removal of the IHX loop with the
HyS plant interfaced equipment located inside the solar tower
and directly heated by the falling sand particles.

For this scenario, based upon foreseen improvements about
the most challenging equipment and about flowsheeting
arrangement, the thermochemical plant efficiency has
reasonably been assumed to achieve a value of 40% (LHV). The
electric power needed to the SDE can be reasonably assumed to
be 101.3 kJe/molSO, based upon current evaluations at SRNL
about foreseen improvements. Thus the estimated thermal
power needed to the HyS plant at the design point is approxi-
mately 78% of the 2015 year correspondent power (260 MWt),
directly supplied by a single high temperature solar tower,
without the need for the IHX loop. New equipment concepts
(e.g. a new H,SO, decomposition reactor directly heated inside
the solar receiver, different solar HyS plant arrangements and
layouts, etc.) are going to be developed and conceptually
designed in the next years, aimed at removing the IHX.

To deliver to the HyS plant the (continuous) needed
thermal power at the design point, the solar plant needs sizing
to reach a solar peak power of approximately 700 MWt given
the solar multiple of 2.7, with a reduction of more than 21%
compared to the 2015 year value.

In Table 3 the annual solar plant performance is summa-
rized for both scenarios. Thermal and electric HyS plant
requirements are shown giving the values at the design point
for a H, production rate of 133.3 TPD (131.6 TPD for the 2025
year) and the average quantities throughout the year. The
needed electric power has been assumed to be taken from the
grid, produced by renewable energy sources. Of course,
a second solar electric plant could be coupled with the HyS
plant to provide the electricity if desired, but analysis of this
design was outside of the scope of the present study.

5. Plant design and economic analysis
results

5.1. Plant design

The HyS plant has been designed and cost evaluated
assuming it constituted by the following parts:
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Table 3 — Annual solar plant performance for a yearly average H, production of 100 TPD, under solar operating conditions,

for the 2015 and 2025 scenarios.

Period of the year Peak solar Total solar energy AVG solar power H, production Electricity
power (MWt) (MWht) (MWt) (TPD) (MWe)
Summer 2015 yr 890 7.89E+3 329 133.3 101.5
solstice day 2025 yr 700 6.25E + 3 260 131.6 84.7
(24 h)
All the year 2015 yr 890 215E + 6 247 100.0 (AVG) 76.1 (AVG)
(8760 h) 2025 yr 700 171E+6 195 100.0 (AVG) 64.4 (AVG)

1. Electrolysis section, which comprises: (i) the SDE; and (ii)
the balance of the electrolysis section equipment (anolyte
coolers, recirculation pumps, etc);

2. Sulfuric acid decomposition section, which includes: (i) the
H,SO, bayonet reactor; and (ii) balance of the H,SO,
decomposition section equipment (i.e. H,SO, concentra-
tion, SO, recirculation, SO,—0, separation, etc.);

3. Feed and utility supply section.

The most challenging components are the SDE and the
bayonet reactor.

The SDE module has been designed on the basis of current
experimental results obtained at SRNL. The component
consists of a stack of electrochemical cells configured in
a hybrid bipolar arrangement utilizing proton exchange
membrane (PEM) electrolytes. Each individual cell consists of
a membrane electrode assembly (MEA) held between two
porous carbon gas diffusion layers. Non-porous graphite
bipolar plates separate cells from each other and provide flow
fields for both the acid mixture and the hydrogen. Up to 200
cells are connected in series in an SDE module and con-
strained between steel end plates using tie rods. Gaskets
between cells provide sealing for operating pressures up to
21 bar. The single module is characterized by the following
features: (1) anolyte inlet flow rate of 322.3 kg/h, (2) catholyte
inlet water flow rate of 56.0 kg/h, (3) voltage of 120 V (DC), (4)
current of 5000 A and (5) hydrogen flow rate of 37.62 kg/h. In
order to contain the required 21 bar of pressure, a circular
bipolar plate cell design is adopted. Each cell has an active
area of 1.0 m? The bipolar plates have an outer diameter of
1.22 m. The total thickness of each cell is about 0.01 m and the
overall length of the 200 cell stack is approximately 2.54 m
(100 inches). Each module length, including the end plates and
other structural components, is approximately 3.5 m. A
schematic of the single SDE module is reported in Fig. 11.

To reach the solar H, production rate of 133 TPD, 155 SDE
modules are required (considering a 5% surplus capacity
accounting for performance losses, maintenance, etc).

~—35m —

Fig. 11 — 200 cell SDE module developed at SRNL.

Platinum has been chosen as the anode and cathode
catalyst material due to its good performance and excellent
stability [16]. Nafion is the current baseline material for the
membrane and bipolar plates are made of graphite [17].

Regarding the H,SO, decomposition reactor, the bayonet
features and performance are currently being investigated and
improved at SNL [11]. A similar concept has also been investi-
gated and is under development at Westinghouse Corporation
[18,19]. Bayonet tubes are made of SiC material, with minimal
thicknesses since both helium and HyS mixtures are at the
same pressure of 40 bar under the present solar working
conditions. Supported platinum has been selected as the
current baseline material for catalyst although research
activities are being carried out to investigate performance of
other potential catalysts and to find the best solution under
different operating conditions. Idaho National Laboratory (INL)
has performed research under the NHI program to search for
adequate catalysts for the H,SO, decomposition [20,21].

The 2015 scenario configuration sees the adoption of two
bayonet reactor units, each constituted of approximately 950
tubes in parallel, located close to the two solar towers and
heated by the solar IHX fluid, with the remainder of the HyS
plant equipment located in a single area. The 2025 scenario
sees a single bayonet reactor, constituted of almost 2000
tubes, inside the solar tower and directly heated by the hot
falling sand particles.

The remainder of the HyS plant (i.e. more traditional
equipment) has been designed considering traditional engi-
neering rules and relationships applied to components which
work under aggressive operating conditions. Traditional shell
and tube heat exchangers have been adopted as heat transfer
devices made of massive metallic materials (both tube side
and shell side) for the different HyS plant sections. Depending
on the specific environment some shell units have been
assumed made of carbon steel material, coated with more
expensive metal materials. Cold water has been assumed as
the cold utility fluid to remove low temperature heat from the
HyS process. Knock out equipment has been sized considering
massive metallic material for shells, capable to resist aggres-
sive conditions. Vacuum tower and SO, absorber shells have
been assumed made of massive metallic materials, while
ceramic packing trays have been adopted for both towers.
Pumps and SO, recycle compressor have been designed
following traditional rules, with metallic constitutive mate-
rials. The conceptual design of the HyS process was modified
from that developed in conjunction with a major engineering
firm based on a nuclear driven HyS cycle. More details about
equipment design for the nuclear case will be released in
another publication.
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The solar plant, likewise the thermochemical plant, can be
assumed constituted by the following sections:

. Heliostat field

. Tower receivers

. Piping and Towers

. Thermal storage tanks
. Controls

. Balance of plant

AU WN -

The solar plant has been designed jointly with SNL taking
into account their data and quantities [22]. For the 2015
scenario, each of the two solar plants requires approximately
a heliostat field area (mirror area) of 858,000 m?, to reach
a single solar receiver thermal peak power of about 444 MWt.
Regarding the 2025 scenario, the single tower is fed by a solar
field which extends over a mirror area of approximately
1,400,000 m? to reach the peak power of about 700 MWt. SNL’s
DELSOL program has been used to predict the tower height,
which results in 230 m (340 m for the 2025 year).

Each tower thermal storage tanks need sizing for
a maximum capacity of approximately 2200 MWh (13 h of
storage at the AVG solar power during the summer solstice
day), for the 2015 year, while for the 2025 year the single tower
tanks need sizing for a capacity of approximately 3400 MWh.
With sand features available from [23] each tank needs sizing
to contain a volume of approximately 4000 m? (7000 m? for the
2025 scenario).

Regarding the IHX loop, the selection of the best IHX device
(i.e. the best technology in terms of capital investment, life-
time costs and reliability of the component) is currently under
investigation at SRNL. Presently the cross counter current
heat exchanger concept has been selected as the baseline
approach (Fig. 12) and a preliminary design has been achieved
with the aim of finding an indicative heat transfer area, to
evaluate the cost of the device. With reference to Fig. 12, hot
sand vertically falls in the device (from 1000 °C to 600 °C),
while helium goes inside tubes to the top of the device (from
294 °C to 950 °C) in a cross counter current arrangement.

SiC has been assumed as the constitutive tube material,
based upon considerations and choices currently carried out for
nuclear IHX’s and its excellent thermal conductivity features.

Thermal power exchanged between sand and helium can
be expressed by the classical relationship (6):

W = U,-S-LMTD-f ©6)

The corrected LMTD is about 120 °C (assuming an f value of
0.85 from Ref. [24]).
Neglecting conductive phenomena (since SiC shows high
thermal conductivity) the overall heat transfer coefficient (U,)
can be estimated according to the following formula:

1/U, = 1/Un +1/Us @)

To evaluate Uy, Dittus and Boelter correlation has been
adopted:

Nuy = 0.023Re%2Pr5? ®)

Fixing the maximum pressure drops inside tubes at 0.5 bar,
with Rey equal to about 95,000 and a helium volumetric flow

MO | bt o

=
T
T
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Fig. 12 — Cross counter current-based IHX model: sand
goes vertically down (from 1000 °C to 600 °C) and helium
goes up inside tubes (from 294 °C to 950 °C) in a cross
counter current arrangement.

rate of 261 m>/h (0.073 m®/s) (per tube), Uy is approximately
1350 W/m? K.

Regarding the Us coefficient, for shell (i.e. sand) side, Kur-
ochkin’s formula [25] has been adopted with particles
impacting circular tubes:

Nus = 0.0214 Pe** (Dr/dj) ©)

With features available from Ref. [23], an average particle
diameter of 600 um and a tube diameter of 0.05 m, Us has been
estimated in approximately 1625 W/m? K. Thus, the overall
Sand—Helium heat transfer coefficient is approximately
740 W/m? K and an area of 1850 m? is needed to exchange
164.5 MWt between hot sand and helium, for each IHX.

5.2. Economic analysis

5.2.1. Methodology and assumptions

Hydrogen production cost has been assessed considering the
H2A economic rules and guidelines and assuming US $ of the
year 2005 for both scenarios as the baseline currency.

To evaluate the capital investment cost, a specific heliostat
cost of 126.5 $/m? has been assumed for the 2015 scenario and
90 $/m? for the 2025 year [26]. Solar receiver direct costs have
been assessed scaling up values available from Ref. [27] as well as
towers and piping costs have been estimated on the basis of the
cost algorithm available from Ref. [27]. Thermal storage costs
have been evaluated assuming a specific cost of 500 $/ton for
alumina sand and an installed cost of 8 $/kWh (7 $/kWh for the
2025 year) for the tanks on the basis of Ref. [22]. Costs of controls
and balance of solar plant equipment have been taken from
Ref. [27] and suitably modified and adapted to the current plant.

Regarding the thermochemical process, the SDE costs have
been calculated on the basis of economic considerations
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carried out at SRNL resulting in a specific (not installed) cost of
273.6 k$ per module (or 456 $/kWe) for the 2015 scenario. More
than 72% of SDE module uninstalled cost is due to SDE cells
which constitute the module, with the remainder constituted
by end plates, tie rods, collectors, piping connections, module
supports, module assembly and installation working cost, etc.
The single cell cost is mainly due to catalysts (approximately
40%) and membrane (approximately 24%), while the remainder
is substantially due to carbon diffusion layers (about 12%) and
graphite bipolar plates (approximately 16%). Based on current
evaluations being carried out at SRNL a SDE specific cost of
300 $/kWhe has been selected for the long term scenario
according to foreseen cost improvements. An installation
factor of 1.2 (which is a typical value for electrolyzers) has been
adopted to evaluate the SDE installed cost. Concerning the
bayonet reactor, costs coming from nuclear case economic
evaluations (carried out along with Westinghouse Electric Co.)
have been suitably adapted and scaled to the solar application
adoptinga scalingdown (exponential) cost factor of 0.55, on the
basis of information provided by TIAX, LLC. An uninstalled cost
of approximately 17 M$ has been assessed for the 133 TPD solar
rate hydrogen production. The major part of this cost is due to
bayonet tubes (69%), catalyst (approximately 9%) and vessel
head (almost 8%). An installation factor of 1.44 has been
assumed on the basis of considerations carried out along with
an engineering firm partner. As a consequence, the bayonet
installed cost has been estimated in 24 M$ for the solar H,
production rate of 133 TPD.

Costs of the other (more traditional) equipment (i.e.
balance of the electrolysis section, balance of the H,SO,
section and feed and utility) of the HyS plant have been
evaluated using the Aspen K-Base software and suitably
revising those already calculated for the nuclear case. THX
loop preliminary cost evaluations have been carried out
adapting available cost databases already adopted to assess
costs of nuclear and solar driven thermochemical processes
[28,29]. Values so obtained have been compared to costs
assessed for nuclear H, production plants and a good agree-
ment has been noticed. The IHX loop piping cost evaluations
have been carried out suitably scaling values already obtained
for nuclear applications [30].

Indirect costs included: (1) site preparation costs, (2) engi-
neering and design costs, and (3) up front owner’s cost. Site
preparation costs have been evaluated based upon informa-
tion reported at table E-2 in Ref. [27] and so resulting in 1.3 (1.5
for the 2025 case) the cost of land. Engineering and design
costs have been assumed equal to 17.7% of solar plant costs
[27] and 3% of the thermochemical plant costs, based on
evaluations carried out at SRNL?. Owner’s costs have been
evaluated as 3% of direct costs based on previous evaluations
carried out on nuclear driven thermochemical plants. An
overall project contingency equal to 16.6% of solar plant direct
cost [27] plus 15% of the thermochemical plant cost (on the
basis of nuclear case assessment) have been added to evaluate
total indirect costs.

% The majority of the engineering and design costs for the HyS
plant were already included in the installed costs of the
equipment.

Table 4 — HyS solar plant investment costs.

Beginning Beginning
construction construction
Year 2015 Year 2025
DIRECT COSTS
[US 2005 M$]
Solar plant costs

Heliostat (M$) 217.3 125.7

Receiver (M$) 16.9 10.1

Tower and 24.0 29.0

piping (M$)

Storage (M$) 31.4 23.3

Control systems (M$) 1.6 1.6

Balance of plant (M$) 21.4 18.3
Subtotal — Solar plant (M$) 312.6 208.0
HyS plant costs

H,S0, decomposition 79.7 82.4

and balance (M$)

Electrolysis and 52.5 31.7
balance of
electrolysis (M$)

Feed and utility supply (M$) 6.1 6.1
Subtotal — HyS plant (M$) 138.3 120.2
IHX costs (40 bar case)

(for the two towers)

HX (M$) 8.0 =

Circulation 4.0 —

compressor (M$)

Piping (M$) 3.6 -
Subtotal — IHX loop (M$) 15.6 -
TOTAL INSTALLED COSTS (M$) 466.5 328.2
INDIRECT COSTS [US 2005 M$]

Site preparation (M$) 6.8 5.4

Engineering (M$) 59.5 40.4

Owner’s 14 9.9
costs (M$)

Project 73.1 52.6
contingency (M$)

TOTAL INSTALLED + INDIRECT 620 436.5

COSTS (M$)

INVESTMENT COSTS

[US 2005 M$]

Land (M$) 5.2 3.7
TOTAL INVESTMENT COST (M$) 625.1 440.2

HysS solar plant investment costs (subtotal costs are in bold text).

HyS solar plant lifetime costs have been estimated
following the H2A guidelines for fixed O&M costs. Electricity
needed to sustain the overall process has been assumed to be
purchased at 6.8 c$/kWh for the 2015 scenario and 4.8 c$/KWh
for the 2025 scenario, produced by solar power plants.

The replacement of the SDE (complete replacement) and
bayonet reactor (tubes) have been foreseen every 5 years (10
years for the long term scenario) and suitably cost accounted
and integrated in the cost breakdown. Decommissioning of the
overall plant has also been included in the cost evaluations.

Financing H2A guidelines have also been assumed to
assess the final H, production specific cost. In particular, the
plant lifetime has been fixed equal to 40 years, depreciation
length equal to 20 years (with MACRS method) and taxes have
been assumed equal to 38.9% with a real IRR of 10% and an
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Tornado Chart Year 2015

HysS efficiency (%) (40-30) |

HyS installed cost (M$)
(97-173)

Heliostat Installed Cost
($/m?) (120-160)

Electricity Cost ($/kWh)
(0.068-0.097)

PCF (%) (80-60)

3.80

4.30

4.80 5.30 5.80
$/kg H,

Fig. 13 — Specific H, production cost sensitivity analysis (Tornado Chart) for the 2015 year, varying the HyS plant efficiency
(the baseline value is 33%), the HyS installed costs (the baseline value is 138.3 M$), the heliostat installed costs (the baseline
value is 126.5 $/m?), the electricity cost (the baseline value is 0.068 $/kWh) and the PCF (the baseline value is 75%).

inflation rate of 1.9%. The plant construction time length has
been assumed equal to 3 years.

5.2.2. Cost results
Capital investment cost results are shown in Table 4, for both
scenarios.

The overall solar HyS plant direct installed costs represent
approximately 75% of the total investment costs for both
scenarios, while indirect costs and land represent the
remaining 25%. The total investment cost for the Year 2015
plant is $625 million, whereas the cost is reduced to $440

Table 5 — HyS solar plant lifetime costs.

Beginning Beginning
construction construction
Year 2015 Year 2025
FIXED O&M COSTS
[US 2005 M$/y]
Labor (M$/y) 3.1 2.3
G&A (M$/y) 0.6 0.5
Property taxes and 8.3 6.0
insurance (M$/y)
Material for maintenance 9.2 8.3
and repairs (M$/y)
TOTAL O&M FIXED 21.3 17.1
COST (M$/y)
VARIABLE O&M COSTS
[US 2005 M$/y]
Demineral water (M$/y) 0.4 0.4
Purchased Electricity (M$/y) 45.4 27.1
TOTAL VARIABLE O&M 45.8 27.5

COST (M$/y)

HyS solar plantlifetime costs (subtotal lifetime costs are in bold text).

million for the Year 2025 design. The solar plant represents
67% of the direct costs for the Year 2015 plant, while the HyS
plant represents 30% and the IHX loop 3%. For the Year 2025
design, these ratios are 63%, 37% and 0%, respectively. For the
2015 scenario approximately 70% of the solar plant costs is
constituted by the heliostat field cost, which reaches 47% of
the overall plant installed costs. For the 2025 scenario the
heliostat field cost is only 60% of the solar plant cost, repre-
senting 38% of the total installed cost. The remainder of solar
plant costs is due to the receiver costs (approximately 5% for
both the 2015 and 2025 year), the tower and piping costs
(almost 8% for the 2015 year and 14% for the 2025 year), the
storage system costs (approximately 10% for the 2015 and 11%
for the 2025 year) and the balance of plant costs (almost 7% for
the 2015 and approximately 9% for the 2025 year).

The HyS plant is responsible for 30% (almost 37% for the
2025 scenario) of the overall installed costs. Approximately
38% (more than 26% for the 2025 scenario) of the thermo-
chemical plant costs is due to the electrolysis section while
the H,SO, decomposition section contributes for more than
58% (more than 68% for the 2025 scenario®) and the remainder
(4% for the 2015 scenario and approximately 5% for the 2025
year) is represented by the feed and utility supply section
installed costs. In particular the contribution of the two most
distinguishing components of the thermochemical plant is
detailed in the following. The SDE installed cost represents
approximately 79% (73% for the 2025 scenario) of the overall
cost of the electrolysis section, resulting in 30% (approxi-
mately 19% for the long term scenario) of the thermochemical

4 The 2025 scenario percent includes the matching system
between the H,SO4 decomposition bayonet reactor (located inside
the solar tower) and the remainder of the HyS plant (on the
ground), which cost results in approximately 15% of the H,SO,
decomposition reactor cost.
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Tornado Chart Year 2025

HysS efficiency (%) (45-35) \

H.S0, decomposition
section installed costs (M$)
(66-87)

Heliostat Installed Cost
($/m?) (70-95)

Solar Electricity Cost ($/kWh)
(0.048-0.068)

PCF (%) (80-60)

2,70

T T T 1

3.00 3.30 3.60 3.90
$/kg H,

Fig. 14 — Specific H, production cost sensitivity analysis (Tornado Chart) for the 2025 year, varying the HyS plant efficiency
(the baseline value is 40%), the H,SO, decomposition section installed costs (the baseline value is 82.4 M$), the heliostat
installed costs (the baseline value is 90 $/m?), the electricity cost (the baseline value is 0.048 $/kWh) and the PCF (the

baseline value is 76%).

plant installed costs. The bayonet installed cost is approxi-
mately 30% (29% for the 2025 year) of the H,SO, decomposition
section costs affecting the HyS plant cost for more than 17%
(20% for the longer scenario). As a consequence, it is important
to note that the balance of the H,SO, decomposition section
strongly influences the overall thermochemical plant
installed costs, resulting in approximately 40% (almost 49% for
the long term scenario).

This highlights that the influence of the SDE on the installed
cost of the HyS plant is less than 30% and is lower than that of
the balance of the sulfuric acid decomposition section.

The IHX loop, for the 2015 scenario, contributes on the
solar HyS plant installed costs for approximately 3%.

Indirect costs, which affect the total investment cost for
approximately 24% for both scenarios, are constituted for
approximately 47.5% (48.5% for the long term period) by
contingencies, which are the most important item, and for
approximately 39% (37% for the 2025 scenario) by engineering
and design costs. The remainder is due to site preparation
(4.5% for the 2015 year and 5% for the 2025 year) and owner’s
costs (9% for both scenarios).

In Table 5 plant lifetime costs are reported. For the 2015
scenario, almost 68% of the overall lifetime costs is due to
electricity cost (which represents 99% of the variable O&M
costs for both scenarios), while for the 2025 year, with the
thermochemical plant efficiency equal to 40% and the elec-
tricity cost equal to 4.8 c$/kWh, the electric consumption
represents approximately 38.5% of the overall cost. Regarding
fixed O&M costs, the most relevant item is due to maintenance
and repairs material which influences fixed O&M costs for
more than 43% for 2015 year and more than 48% for long term
scenario. Taxes and insurance affect fixed O&M costs for
almost 39% (2015 scenario) and 35% (2025 year). The remainder
of the fixed O&M costs is basically represented by labor costs.

Following rules and financing H2A guidelines, a hydrogen
production cost of 4.80 $/kg has been assessed for the 2015
year and 3.19 $/kg for the 2025 scenario. Capital investment-
related cost influences the H, specific (i.e. per kg of H,) cost
for 61% for both scenarios. Approximately 13% (15% for the
long term) of the H, specific cost is due to fixed O&M and the
remainder (26% for the 2015 year and 24% for the 2025 year) is
constituted by variable O&M specific costs, almost entirely
due to electric power cost. Decommissioning influence is less
than 1% on the total H, production cost.

5.2.3. Sensitivity analysis

Specific H, production cost sensitivity analyses have been
carried out, varying the most cost influencing parameters and
assumptions as shown in Fig. 13 and Fig. 14. The H, produc-
tion cost is strongly affected by the HyS plant efficiency for
both scenarios, since both the specific investment cost of the
solar plant and the specific electric consumption are strongly
influenced by the thermochemical plant efficiency. A first
sensitivity analysis has been performed to evaluate the
influence of the efficiency on the cost without re-designing ex
novo the HyS plant but, basically, assuming a lower (or higher)
H, production level of the plant corresponding to a lower (or
higher) efficiency®. An increase of 21% of the efficiency for the
2015 scenario (passing from 0.33 to 0.4) results in an important
reduction of the H, specific cost of more than 17% with
a specific cost lower than 4 $/kg, while a reduction of the
efficiency of 9% (from 0.33 down to 0.3) implies an increase of
the production cost of approximately 10%. Likewise for the
long term scenario, an increase of the efficiency of 12.5% (from

® A re-design of the thermochemical plant would be needed to
evaluate more precisely how the efficiency affects the HyS plant
installed cost.
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0.4 to 0.45) results in a specific cost lower than 2.85 $/kg, with
a reduction of approximately 11%.

A second sensitivity analysis hasbeen carried out seeing the
influence of the investment cost variation on the H, production
cost, starting from the heliostat field which represents the
most important investment cost item. For the 2015 scenario,
arise of almost 26% (from 127 $/m? to 160 $/m?) results in a H,
production cost increase of approximately 8%, up to 5.20 $/kg.
An augmented heliostat cost of approximately 5.5% (from 90 $/
m? to 95 $/m?) for the 2025 year results in a specific H, cost of
3.24 $/kg (almost 2% higher than the baseline cost). Regarding
the HyS plant costs, the analysis has been carried out assuming
selected and reasonable percent variation of the installed cost.
Results show that a variation of the overall installed cost of the
thermochemical plant of 30% (from 138.3 M$ to 97 M$) causes
a variation of H, specific cost of approximately 4% (from 4.80 $/
kg to 4.63 $/kg) for the 2015 scenario. For the longer term
scenario, the influence of the H,SO, decomposition section
cost variation in the range of —20% (66 M$) to +5% (87 M$) has
been evaluated and a maximum reduction of 4% of the H,
production cost (from 3.19 $/kg to 3.06 $/kg) has been assessed.
The HyS plant installed costs can be reduced not only lowering
the cost of the SDE and the bayonet reactor, but also consid-
ering different materials (e.g. internal lining, ceramic mate-
rials, etc.) and technologies (e.g. differentheat transfer devices)
for the balance of the H,SO, decomposition section equipment,
resulting in important H, cost decreases especially for the 2025
scenario. Concerning lifetime cost, the electricity price is the
assumption which most affects the production cost. An
increase of 3 cents/kWh leads to a H, cost increase of 12% for
the 2015 year, with a value higher than 5.3 $/kg, while, for the
2025 year, an increase of 2 cents/kWh implies an H, specific
cost of approximately 3.50 $/kg (almost 10% higher than the
baseline value for the long term).

Finally a variation of the PCF in the range 0of 0.6—0.8 has been
considered for both scenarios, accounting for uncertainties in
the solar plant efficiency and annual insulation. The PCF vari-
ation affects the hydrogen production level and, in turn the
efficiency of the plant. Results, reported at Fig. 13 and Fig. 14,
show that with a PCF of 60% the H, production costincreases of
about 19%, while a PCF of 80% leads to a specific cost reduction
of approximately 4% for both scenarios.

All the economic evaluations and assumptions have also
been validated by TIAX Company as part of the work carried
out in the DOE STCH project, to ensure consistency with other
hydrogen production options under consideration.

6. Summary and conclusions

Conceptual design and economic analysis of a solar H,
production plant based on the HyS thermochemical process,
matched to a particle receiver-based solar tower, have been
carried out for a large scale hydrogen production plant
(100 TPD).

The most challenging components of the HyS plant are the
SDE and the H,SO, decomposition reactor.

SRNL is deeply involved in the study, development and
construction of the SDE, both for nuclear and solar driven
thermochemical processes. A cell voltage of —0.6 V, with

a current density of 500 mA/m?, seems to be an attainable
value to react SO, dissolved in a H,SO;—H,O mixture at
50 wt.%, at 21 bar and 100 °C and such values have been taken
as the baseline quantities for the present analysis.

The bayonet-based reactor concept has been selected to
decompose H,SO, into SO, at high temperature. Presently SNL
is the main developer partner of this component, for nuclear
and solar driven thermochemical sulfur-based processes.
Pinch analysis of the bayonet has been carried out at SRNL and
results obtained from an ASPEN Plus® simulation for solar
case operating conditions (i.e. maximum temperature of
920 °C, pressure of 40 bar and inlet H,SO, water mixture
concentration of 75 wt.%) have been shown in the paper and
used as the basis to evaluate the high temperature external
thermal power to be delivered to the HyS process.

A new HyS cycle chemical flowsheet has been set up and
simulated at SRNL considering only proven commercial equip-
ment for (more) traditional sections of the thermochemical
process, aiming at achieving the highest possible efficiency and
the best integration between the SDE and the Bayonet reactor.

To combine the SDE and the bayonet reactor, the H,SO,
mixture produced by the SDE needs to be concentrated up to
75 wt.%. The H,SO, mixture concentration has been realized
by two flashes in series, followed by a vacuum column, which
requires low temperature external thermal power for the
reboiler. Both high temperature and low temperature external
thermal powers have been assumed to be supplied by the
same solar tower plant.

Further activities are in progress to improve SDE and
bayonet reactor performances, also considering different
working conditions (e.g. different acid concentrations,
temperatures, pressures), which might require continuous
updating of the reference HyS flowsheet to reach the best
integration between the two components.

A new matching concept between the thermochemical and
the solar plants based on the sand particle solar receiver has
been set up, accounting for thermal storage issues too. To
deliver the needed thermal power to the chemical plant an
IHX loop has been introduced, allowing for potential leverages
from nuclear applications. A preliminary design of the system
has also been shown in the paper. However, further R&D
activities are required to reach the ultimate (i.e. economic,
efficient and reliable) design of the IHX loop system. This
implies that the overall solar HyS plant could be updated
depending on the IHX loop choice and design, requiring
modifications of flowsheet, process design, etc.

Solar HyS plant conceptual design has been presented in
the paper. Ad hoc considerations have been carried out to
design the SDE, the bayonet and more traditional solar plant
equipment. The heliostat field and the solar tower have been
designed in conjunction with SNL, on the basis of their
suggestions and evaluations.

To carry out the economic analysis of the solar HyS plant,
the DOE H2A analysis guidelines have been assumed,
considering two different time scenarios. The first one sees
the 2015 as the starting year, while the second one, for alonger
period, sees the starting year at 2025. Suitable evaluations
have been carried out with particular attention on the most
important equipment of the plant (SDE, bayonet reactor, IHX
loop, heliostat field, etc.) and reasonable assumptions made to
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evaluate both investment and plant lifetime costs. An H,
specific cost of 4.80 $/kg (2005 US $) has been estimated for the
2015 scenario. A strong cost reduction, down to 3.19 $/kg, has
been found out in the longer term period, basically accounting
for: (1) lower cost of heliostat field, (2) lower cost of the elec-
trolysis section, based upon improvements and “learning”
foreseen at SRNL, and (3) improvements in the overall flow-
sheet and layout of the HyS solar plant (e.g. increased effi-
ciency of the thermochemical process up to 40%, removal of
the THX loop with direct heating of the H,SO, decomposer,
etc.). Moreover, sensitivity analyses have been carried out to
show the influence of selected quantities and assumptions on
the specific H, production cost, which has reached values
lower than 4 $/kg for the 2015 year and approximately equal to
2.85 $/kg for the 2025 scenario.

Both the SDE and the bayonet device have been tested
successfully at SRNL and SNL respectively, for productions up
to 300 I/h. On the basis of results achieved and on experi-
mental outcomes, it can be stated that the HyS plant is an
attractive process to produce H, using solar energy.
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