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ABSTRACT 

 

An international team is planning to develop a virtual demonstration of solar thermochemical hydrogen 

production based on the hybrid sulfur cycle.  The effort will couple DLR’s diurnal two-chamber solar reactor 

with SRNL’s continuous PEM SO2-depolarized electrolyzer.  General Atomics will help integrate the two 

halves of the process and will contribute the SO2 separation and H2SO4 handling components.  Other partners 

include INL, Texas Tech University, and the University of South Carolina, who will work on improved 

catalysts for both reaction steps, improved PEM membranes for electrolysis, and a properties model that 

accurately duplicates the highly non-ideal behavior of the SO2-H2SO4-H2O-SO3-O2 system.  The solar acid 

decomposition system will be tested on-sun at DLR’s solar furnace/simulator in Cologne, Germany, the 

electrolyzer will be tested at SRNL, and the acid/SO2 system will be tested at GA.  Virtual integrated 

operation will be achieved by matching interface conditions between systems and utilizing process simulation 

models.  While the scale of the demonstration is small (≥3 L H2), the project objective includes a detailed 

commercial scale design together with economic analyses to generate credible estimates for the cost of 

hydrogen production. 
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1. Introduction 

 

1.1 Background 

The well-known hybrid sulfur (HyS) cycle [1] is the 

only practical, all fluid, two-step thermochemical cycle.  

A concentrated solar receiver can serve as the high 

temperature heat source, in which case the first step 

uses solar energy to vaporize and decompose sulfuric 

acid (H2SO4), splitting it into water, oxygen (O2), and 

sulfur dioxide (SO2).  The resulting SO2 is combined 

with water and electrochemically oxidized in the 

second step, which utilizes an SO2-depolarized 

electrolyzer (SDE) to make H2SO4 at the anode and 

hydrogen (H2) at the cathode.  All sulfur species are 

recycled and the overall reaction is the splitting of 

water to form H2 and O2.  Excess SO2 is stored during 

daylight operation and used at night to permit 

continuous electrolyzer operation and H2 production.  

Electricity is supplied from a companion solar-electric 

plant or obtained from the grid.  Approximately 80% 

of the energy input to the process is solar thermal 

energy; only 20% is electricity for the electrolyzer and 

auxiliaries. 



 

 

Westinghouse Electric Corporation began work on the 

HyS cycle in the early 1970s as a way to use high 

temperature heat from advanced nuclear reactors to 

split water and produce H2.  They succeeded in 

demonstrating a lab-scale closed-loop version of the 

process constructed of glassware and heated 

electrically.  Development also took place in Europe 

at the Joint Research Center in Ispra, Italy and at the 

Nuclear Research Center (KFA) in Jülich, Germany.  

As a result of the significant decline in worldwide 

research on advanced nuclear technologies beginning 

in the early 1980s, most thermochemical H2 

development activities ceased for nearly 20 years.  

Beginning in 2001, an increased U.S. national interest 

in both H2 energy and advanced nuclear reactors 

resulted in the U.S. Department of Energy (DOE) 

supporting new research for both nuclear- and solar-

based thermochemical H2 production.  Savannah 

River National Laboratory (SRNL) led a major 

research program for the DOE Office of Nuclear 

Energy (NE) from 2003-2009 under the Nuclear 

Hydrogen Initiative (NHI).  In a collaborative 

program, the University of South Carolina (USC) 

developed detailed models of electrolyzer performance 

and identified promising new membranes that 

demonstrated significant cell performance 

improvements.  As part of the DOE Solar 

Thermochemical Hydrogen program (STCH), SRNL 

adapted the plant design for integration with a 

concentrated solar power system.  Independent 

assessment based on the DOE H2A analysis tool 

showed HyS to have the second lowest cost of H2 

among all thermochemical cycles studied [2].  In 

fiscal year (FY) 2013, SRNL initiated new research 

funded by DOE aimed at developing improved 

catalysts and electrolyzer membranes for the SDE.  

Also in 2013, SRNL successfully conducted a 1,000-h 

continuous test of the laboratory-scale electrolyzer 

under a cooperative research and development 

agreement with an industrial partner. 

Work on the high temperature acid decomposition step 

in the U.S. was conducted under NHI by Sandia 

National Laboratory and General Atomics (GA).  

They demonstrated operation of a lab-scale H2SO4 

decomposition system for integration with the sulfur 

iodine thermochemical cycle, which has the same high 

temperature step as the HyS cycle.  Their primary 

challenges were the materials of construction and the 

decomposition catalyst.  Under a European Union 

(EU) program, the German Aerospace Center (DLR) 

has focused on developing solar systems and 

components for the catalytic decomposition of H2SO4, 

and they have successfully demonstrated a direct solar-

heated laboratory-scale acid vaporizer and 

decomposition system. 

 

1.2 Objective 

As a result of these extensive research efforts, HyS is 

one of the most advanced of the thermochemical H2 

cycles.  However, major technical barriers and 

shortcomings remain to be overcome.  Led by SRNL, 

a team that includes DLR, GA, Idaho National 

Laboratory (INL), Texas Tech, and USC has been 

formed to develop a solar HyS process.  The goal of 

this team is to demonstrate HyS technology with a 

concentrated solar heat source.  Targeted 

improvements include: (1) demonstrating catalysts and 

membranes that will reduce the electrolyzer operating 

voltage to <500 mV with long-term stable performance; 

(2) demonstrating robust materials for the acid 

vaporizer and catalysts with acceptable lifetimes that 

will achieve acid decomposition at near equilibrium 

conversion at ≤850°C, and (3) demonstrating bench-

scale SO2 separation that validates the flowsheet design 

and the project economics.  The project will culminate 

in a virtual system demonstration of >8 h of continuous 

operation in sunlight with a cumulative production of at 

least 3 standard L of H2.  Based on these success 

factors and a rigorous modeling and simulation 

program, a revised plant performance and H2A cost 

analysis will be performed to demonstrate the 

capability of achieving the DOE 2020 Multi-year 

Research, Development and Demonstration (MYRDD) 

goals of a solar-to- H2 energy conversion ratio of ≥20% 

and a cost of H2 of ≤$3.70/kg. 

 

2. Technical Overview 

The HyS cycle comprises two coupled reaction steps.  

The thermochemical step, which is common to all 

thermochemical sulfur cycles, is the high-temperature 

decomposition of H2SO4 into water, SO2, and O2. 

HଶSOସሺܽݍሻ
Heat, Tவ଼଴଴°C
ሱۛ ۛۛ ۛۛ ۛۛ ሮۛ HଶOሺ݃ሻ ൅ SOଶሺ݃ሻ ൅

1
2

Oଶሺ݃ሻ 

This is an equilibrium-limited reaction that requires a 

catalyst, as well as heat input at relatively high 

temperatures, such as those obtainable with a high 

temperature nuclear reactor or a concentrated solar 

receiver.  The electrochemical step is the SO2-

depolarized electrolysis of water, which takes place at 

lower temperatures and consumes electric power. 

SOଶሺܽݍሻ ൅ 2HଶOሺ݈ሻ
Power, Tൎ଼଴ିଵଶ଴°C
ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛሮ HଶSOସሺܽݍሻ

The combined net effect of the two reactions is the 

splitting of one mole of water into one mole of H2 and 

one-half mole of O2.  The major advantage of SO2-



 

 

depolarized electrolysis is a substantial reduction in the 

electric power requirement compared to conventional 

direct water electrolysis (-0.158 V standard potential at 

25°C versus -1.229 V for water electrolysis, a reduction 

of 87% in theoretical work).  Irreversibilities caused by 

kinetic and mass transfer limitations and Ohmic losses, 

as well as economic considerations, lead to water 

electrolyzers typically being operated at 1.8 to 2.0 V.  

In contrast, SDEs are expected to be capable of 

achieving 0.5 to 0.6 V at practical current densities, thus 

requiring less than one-third as much electricity per unit 

of H2 produced as conventional water electrolysis. 

Figure 1 presents a simple system schematic of a Solar 

HyS H2 production process.  Each of the major 

processing areas of the plant is discussed in the 

following sections. 

 
Figure 1.  Solar HyS H2 Production Process 

 

2.1 SO2-Depolarized Electrolyzer 

The original SDE developed by Westinghouse consisted 

of a conventional two-compartment parallel plate 

electrolyzer.  A major improvement introduced by 

SRNL was the use of a proton exchange membrane 

(PEM) design modeled after work being performed for 

PEM fuel cells.  The cell was operated using liquid 

anode feed in the form of SO2 dissolved in sulfuric acid.  

Water was introduced into the cathode side to maintain 

membrane hydration.  SRNL conducted multiple runs 

of over 200 h in a lab-scale electrolyzer (10 lph H2 

output) and demonstrated pressurized operation, small 

stack operation, and operation without sulfur 

accumulation, a major technical challenge [3].  Typical 

performance was a cell voltage of 760 mV at the desired 

current density of 500 mA/cm2, which was achieved at 

80°C using a Nafion® membrane.  Proposed 

improvements aimed at reducing the voltage to 500-600 

mV include increased operating temperature, advanced 

membranes, and higher activity electrocatalysts.  The 

heart of the electrolyzer is the membrane electrode 

assembly (MEA), which consists of a PEM with catalyst 

coated on each side to create an anode and a cathode.  

The challenges for the membrane include the capability 

to maintain high proton conductivity at high acid 

concentrations, low gas permeability, and high thermal 

stability.  For the catalysts, the challenges include 

materials with high activity that exhibit long-term stable 

performance under the SDE operating conditions.  

Specifically, anode catalysts must provide rapid SO2 

oxidation reaction kinetics, whereas the cathode 

catalysts must provide rapid reaction kinetics for H2 

formation in the presence of sulfur containing species, 

while avoiding the formation of elemental sulfur. 

 

2.1.1 Catalyst Development – Most of the electrolysis 

inefficiencies arise from slow kinetics at the anode 

catalyst layer.  For example, the reversible cell 

potential for the electrochemical oxidation reaction of 

SO2 with 30 wt% H2SO4 saturated with SO2 at room 

temperature is 172 mV.  However, because of the 

kinetic inefficiencies, overpotentials of approximately 

340 mV are observed at the anode during operation.  

Research on anode electrocatalysts has focused on the 

materials that decrease the overpotential and increase the 

material stability.  Early work by Westinghouse 

showed palladium (Pd) to have the highest performance 

for the electrochemical oxidation of SO2, followed by 

gold (Au) > platinum (Pt) > ruthenium (Ru).  Later 

work performed at SRNL [4] compared the stability and 

activity of supported Pt and Pd nanoparticles on high 

surface area carbon black.  The results showed that not 

only are Pt nanoparticles more active for the oxidation 

of SO2, but Pt is also more stable than Pd.  The 

discrepancy between SRNL results and those reported 

earlier was attributed to the use of nanoparticles vs bulk 

material.  Recent work performed by O’Brien et al. [5] 

studied the anodic performance on Pt and Au electrodes.  

Their work not only showed Au being more active than 

Pt, but in addition Au did not require activation cycles as 

Pt does to reach optimum performance.  Renewed 

research at SRNL revisited the study of Pt, Au, Pd, and 

iridium (Ir) as thin films.  Preliminary results indicate 

that thin films made of Au, Pt-Au and Pt-vanadium (Pt-

V) show higher activity than pure Pt electrodes and 

lower the overpotential to 290 mV (a 50 mV 

improvement).  SRNL’s results show that further anode 

development can result in lowering the overpotential and 

therefore increasing the efficiency of the SDE. 

Although the kinetics of the Pt cathode electrode are 

much higher than those of the anode side, crossover of 

sulfur species through the membrane can have a 

deleterious effect on the reaction rate.  Due to the 

susceptibility of Pt based electrocatalysts to sulfur 

species, the effect of sulfur contaminants on Pt-

supported electrocatalysts has been specially covered in 

the literature for the PEM fuel cell electrodes.  Results 



 

 

specifically looking at the effects of SO2 have shown a 

decrease in the H2 desorption region of cyclic 

voltammograms, indicating the poisoning of the Pt sites 

at low potentials (<0.8 V), which in turn shows a 

decrease on the availability of free Pt sites for the 

adsorption of H2.  Improvements in cathode electrodes 

could result in potential gains close to 100 mV if the 

effects seen for the H2 oxidation reaction in fuel cells are 

seen in the proton reduction reaction in the SDE. 

 

2.1.2 Membrane Development – The PEM must be 

stable in a highly corrosive solution (>50 wt% H2SO4 

saturated with SO2) and at high operating temperature 

(>80 °C), minimize transport of SO2 from the anode to 

the cathode, and must maintain high ionic conductivity.  

A result of SO2 transport through the PEM is the 

undesirable production of hydrogen sulfide (H2S), 

followed by the formation of elemental sulfur from the 

reaction of SO2 with H2S through the Claus reaction.  

Experiments at SRNL using Nafion® membrane have 

shown the effects of the SO2 crossover to be the 

formation of a sulfur rich layer which causes mechanical 

damage to the MEA.  An operating approach was 

developed to minimize damage from SO2 crossover, but 

development of a PEM which limited SO2 transport 

would be highly beneficial.  Previous work at SRNL [6] 

studied the performance of a large number of 

membranes of different chemistry and designs to 

decrease the SO2 crossover while maintaining high 

proton conductivity and membrane integrity.  

Membranes studied included hydrocarbon, fluorocarbon, 

and hydrocarbon/fluorocarbon blends.  Among the 

membranes tested, polybenzimidazole (PBI) showed the 

best improvement over the Nafion® baseline.  Recent 

work by USC [7] has focused on modifying the PBI 

membrane with H2SO4 as the doping solution in order to 

make it compatible with SDE operation.  Results show 

the PBI membrane to have favorable performance 

(including low IR losses) compared to that of Nafion®.  

They also have the capability of operating at higher 

H2SO4 concentrations and at elevated temperatures (up 

to 120-140°C), which would help reduce kinetic losses 

and lower the cell voltage. 

 

2.2 Solar Receiver and H2SO4 Decomposition 

In order to provide high temperature heat to drive the 

decomposition of H2SO4 with solar energy, a 

conventional heliostat field and power tower is foreseen 

in this project.  These components are well-known 

technologies currently being commercialized.  The 

major development item is the solar receiver/reactor for 

conducting the acid decomposition.  The operating 

conditions of high temperatures and particularly 

corrosive environments require advanced materials for 

the key components and therefore special design and 

fabrication methods.  Several research groups have 

been studying reactor concepts for decomposition of 

H2SO4 by solar energy.  GA developed and tested a 

cavity reactor constructed of steel tubes filled with 

catalyst [8].  The solar radiation is absorbed on the 

surface of the walls and transferred to the reactants via 

heat conduction.  Hence, the maximum temperature of 

this concept is restricted by the upper temperature limit 

of the steel, about 900°C.  Another concept making use 

of an inert energy carrier was proposed by Kolb et al. [9] 

as follows: sand is heated in a solid particle receiver on a 

solar tower and flows across a tubular heat exchanger 

heating the reactants inside of the tubes.  As in the GA 

concept, the heat is transferred through the wall of the 

reactor, limiting the temperature of the process. 

By contrast, the direct solar receiver/reactor concept 

proposed by DLR allows for higher temperatures 

(>1,000°C) and can, therefore, significantly increase the 

efficiency of the process.  DLR has been developing a 

two-chamber direct solar receiver/reactor design as part 

of the European research projects HYTHEC [10] and 

HycycleS [11].  Chamber 1 vaporizes and thermally 

decomposes H2SO4 into sulfur trioxide (SO3) and water 

in silicon carbide (SiC) foam under solar radiation.  

Chamber 2 uses solar radiation to catalytically 

decompose SO3 into SO2 and O2 in a SiC honeycomb.  

A two-chamber reactor prototype at the 10-kWth scale 

has been built, and successfully tested on sun in a solar 

furnace by DLR [12].  This experimental work was 

accompanied by modeling of the evaporator and the SO3 

decomposer.  During these experiments and in long 

term corrosion tests, SiC turned out to be the material of 

choice for the solar absorbers facing the most corrosive 

environment.  The direct solar evaporator concept 

needs to be redesigned and tested in a solar 

furnace/simulator before scale-up.  Moreover, coatings 

for metallic materials of construction need to be 

developed, especially for the particularly corrosive 

boiling sulfuric acid evaporator environment. 

Candidate catalysts for high temperature SO3 reduction 

have been screened and analyzed, primarily considering 

transition metal oxides.  A chromium-iron (Cr-Fe) 

mixed oxide was the most promising material among the 

ones examined [13], although further catalyst 

improvements, such as lower temperature operation 

capability, are desirable.  The overall conversion of the 

H2SO4 cracker could be significantly increased if a 

suitable catalyst were introduced to operate in the lower 

temperature range closer to the outlet of the acid 

vaporizer (600°C).  Whereas metal oxide based 

catalysts demonstrated high and stable activity for SO3 

decomposition at higher temperatures, they are 



 

 

deactivated at lower temperatures due to sulfate 

formation.  Recently, copper vanadate based materials 

were developed for these conditions with promising 

conversion results [14].  Pt or Pt group metals (PGM) 

supported on metal oxides also show high activity over a 

wide temperature range, making them candidates for 

both high and low temperature operation.  However, 

improvements are required to reduce their cost and 

increase stability.  A novel approach has been proposed 

by INL and USC involving the deposition of monolayers 

of Pt shells on high melting temperature oxophilic cores 

[15].  In summary, the main challenges to developing 

the technology for solar decomposition of H2SO4 are 

related to catalyst performance and endurance, stability 

of materials of construction at elevated temperature, 

modeling of transient behavior, and demonstration at a 

relevant scale of performance during on-sun testing. 

 

2.3 SO2 Energy Storage 

Energy storage in the form of SO2 is required for the 

solar HyS plant to provide a constant 24-h H2 output.  

The storage section interfaces with both the electrolyzer 

and the solar vaporizer/decomposer.  It recovers heat 

from the decomposed acid stream and uses it to preheat 

the vaporizer feed and concentrate the acid leaving the 

electrolyzer system.  Furthermore, SO2 is separated 

from the decomposed acid and stored for reuse in the 

SDE.  The major challenges are defining materials 

compatible with the process environment, optimizing 

heat integration, and developing cost-effective and 

efficient designs to separate and store large quantities of 

SO2.  In the baseline approach, approximately 80% SO3 

to SO2 conversion is projected at the decomposition 

design point of 850°C.  Thermal energy is recuperated 

from the decomposed stream via two heat exchangers 

and used to heat and evaporate the acid feed.  In a third 

direct contact exchanger, the decomposed stream is 

contacted with the acid tank feed to dissolve any 

undecomposed SO3.  This concentrates the feed and 

produces a gaseous SO2-O2 stream at the exchanger exit.  

It is then compressed (~5bar) at ambient temperature so 

that >99% of the SO2 can be liquefied, separated and 

stored.  Pressurized liquid storage at 5-10 bar is the 

baseline approach, but SO2 dissolved in either water or 

sulfuric acid will also be considered.  To recover the 

SO2 remnant from the O2 stream, the gas is contacted 

with either water or dilute H2SO4.  The efficacy of this 

scrubbing step as a function of acid concentrations and 

temperatures will be determined via laboratory 

experiments. 

 

2.4 SO2 Preliminary Performance and Cost Estimates 

As presented above, the technical feasibility of the Solar 

HyS plant has been established at lab-scale for the major 

systems.  Additional performance improvements are 

the target of the team’s efforts.  The capability to 

achieve the cost and performance targets at large scale 

can be projected based on extensive plant design studies 

and cost analyses conducted in conjunction with industry 

experts and technical specialists.  For example, a study 

by SRNL, Westinghouse and Shaw [16] reported the 

cost of H2 from a conservatively designed nuclear HyS 

plant to be $5.34-$6.18/kg, whereas the DOE final report 

on the STCH program by TIAX showed an estimated 

solar H2 cost projection of $3.85/kg, the second lowest 

of the thermochemical cycles studied.  An updated 

process performance assessment and H2A cost-of- H2 

projection have been performed for this effort.  The 

basis for the estimate is a HyS plant located in the 

southwestern U.S. with a single power tower for acid 

vaporization/ decomposition, liquid SO2 storage, and an 

electrolyzer designed for continuous operation.  The 

design plant capacity is 50 TPD H2.  The solar 

vaporizer/decomposer is designed with a solar multiple 

of 2.7, yielding a 76% plant capacity factor based on 16 

h of chemical storage.  Electricity is assumed to be 

purchased from an adjacent solar electric plant or the 

grid.  Assumed performance values for each of the 

major process sections are shown in Table 1. The 

projected HyS solar-to- H2 efficiency exceeds the 

technical targets established in the MYRDD plan. 

Table 1.  Performance Efficiency Assumptions 

Process Unit 2015 2020 Comments 

Heliostat Field 
Efficiency 

45% 55% 
SunShot goals for 2020 

Solar Receiver 85% 90% SunShot goals for 2020 

Acid Decomposition 
System 

70% 80% 
Based on SRNL Aspen 
Plus™ flowsheet 

Solar Electric 
Generation 

15% 22% 
CY2020 assumes 
Brayton cycle 

Electrolyzer 
Efficiency 

42% 70% 
Voltage = 700 mV (2015)
500 mV (2020) 

Solar-to- H2 Energy 
Conversion Ratio 

11.2% 20.2%
Based on all solar input, 
including electricity 

 

Preliminary H2A v3 cost analyses were performed for 

years 2015 and 2020.  The analysis was based on 

detailed estimates of capital cost and installation factors 

developed by several sources during previous studies 

funded by the DOE-NE and DOE Office of Energy 

Efficiency and Renewable Energy (EERE), as well as 

other sources.  Modifications and refinements in the 

cost estimate for the solar version of HyS have been 

made based on engineering judgments.  The H2A 

results show a projected cost of H2 for years 2015 and 



 

 

2020 of $6.21/kg and $3.11/kg, respectively.  For 2020, 

the capital costs contribute 57% to the cost of H2, fixed 

O&M contributes 16%, while variable costs (primarily 

the cost of electricity) contribute 27%.  The largest 

contributors to the capital cost are the heliostat field 

(44%), the acid handling/separation system (24%), 

electrolysis system (11%), and SO2 and acid storage 

(8%).  Several additional process improvements and 

cost reductions are possible that could permit a Solar 

HyS plant to achieve the MYRDD’s ultimate cost-of-H2 

goal of $2.00/kg.  These include further reductions in 

heliostat costs, lower solar electricity costs, 

improvements and cost reductions for acid 

handling/separation and SO2 storage, and higher process 

efficiency due to further improvements in electrolyzer 

performance.  Increasing the H2 plant capacity to 100 

TPD would also contribute to lower product costs. 

The major risk for meeting the DOE H2 production cost 

goal is the ability to achieve the performance and cost 

reductions for the solar portion of the plant, including 

solar electric generating efficiency and heliostat costs.  

These are being addressed under the DOE SunShot 

program.  Risks specific to the HyS plant include the 

reliability of the materials for the acid handling and high 

temperature portions of the plant, the cost and lifetime of 

the decomposition catalyst, and the electrolyzer 

performance and durability.  The major goal of this 

team effort is to address these risks and develop 

solutions for overcoming them. 

 

3. Approach 

 

3.1 Team Objective 

The team’s objective is to verify technical solutions to 

the critical shortcomings and barriers for the Solar HyS 

process and to demonstrate them in an on-sun test within 

three years.  This effort has been organized around the 

three main technology areas of the process plus 

supporting tasks.  The first task consists of system 

design and analysis, during which the critical barriers 

will be identified and performance levels established to 

help guide the research on pathways for meeting the 

MYRDD goals.  An assessment of the feasibility of 

meeting these goals will take place after the first year.  

The second through fourth tasks consist of research 

programs for the key technologies. An assessment of the 

likelihood of achieving proof-of-concept verification is 

scheduled after the second year.  During the third year, 

a virtual plant on-sun demonstration will be performed 

to verify the technology solutions.  A collaborative 

approach leveraging complimentary expertise between 

team members will be employed to achieve a holistic 

approach to solving the technical problems.  This 

approach will include informal collaborations with other 

DOE and EU H2 production projects, as well as 

complementary research being conducted by university 

partners. 

 

3.2 Task Descriptions 

 

3.2.1 System Design and Analysis – This task is divided 

into three subtasks.  The first is process design and 

flowsheet synthesis, which addresses the overall HyS 

plant design and consists of the development of Aspen 

Plus™ process flowsheet models, material and energy 

balances, and calculated plant performance and 

efficiency.  Tradeoff studies will be performed for 

various operating and design conditions in order to help 

establish performance targets and design parameters for 

the major process operations.  The results will be used 

in conjunction with the H2A analysis to ensure that 

MYRDD goals can be achieved.  An initial technical 

evaluation will help identify critical barriers for each 

major system and will provide input to the first 

assessment.  The models will be updated periodically 

based on research results and process design 

improvements. 

The second subtask addresses sulfur system properties 

and will involve molecular thermodynamic modeling. 

The solution chemistry and phase behavior of the 

reactive system SO2-H2SO4-H2O-SO3-O2 is highly 

complex and non-ideal, and data at high temperatures is 

lacking. Research will mainly be carried out using the 

process simulation package Aspen Plus™, the 

underlying thermodynamic package Aspen Properties™, 

and the quantum chemistry code Accelrys Materials 

Studio®.  Texas Tech will be responsible for 

developing and parameterizing an electrolyte-NRTL 

model of the system that will be incorporated by SRNL 

into the full HyS Aspen Plus™ process flowsheet model. 

The third subtask, techno-economic modeling, consists 

of using the DOE H2A analysis tool to model HyS 

system performance and predict cost-of-H2 results for 

various scenarios.  Capital cost estimates will be made 

for complete HyS commercial H2 plants for year 2015 as 

well as 2020.  Input will be received from the 

developers of the various major processing sections on 

projected performance and costs of their components.  

Sensitivity analyses based on the process performance 

results from the first subtask and the testing results for 

the plant process areas will be conducted and the results 

used to guide development efforts and identify pathways 

to achieving MYRDD goals.  The H2A models will be 

updated periodically, including a final H2A at the 

completion of the project depicting HyS results versus 

the MYRDD goals. 



 

 

 

3.2.2 Electrolyzer Development – The goal of this task is 

to develop technical solutions to improve the 

performance, lifetime, and cost effectiveness of the SDE, 

including a pathway to achieving a cell voltage of 700 

mV by 2015 and 500 mV by 2020. Prior to electrolyzer 

testing, electrocatalyst and membranes with improved 

properties will be developed ex-situ.  Once the 

individual components are optimized, they will be 

incorporated into an MEA and tested in the button cell 

electrolyzer. 

The first subtask will focus on electrocatalyst 

development.  Recent studies performed at SRNL [17] 

indicate that combinations of PGM can increase the 

intrinsic activity of the current catalysts by an order of 

magnitude.  However these experiments were 

performed with thin films in flat substrates.  This 

subtask will expand and optimize the metal 

concentrations in the alloy to improve the 

electrocatalyst’s activity and to verify stability.  The 

task will concentrate on Pt and Au based alloys mixed 

with transition metals.  Once the proper alloy 

components are identified, the catalysts will be prepared 

on high surface area supports to maximize the 

gravimetric specific activity.  A similar approach will 

be used for the screening and preparation of cathode 

catalysts.  Material composition for the cathode will be 

focused on Ni and Ni-Cr based alloys.  Sputter 

deposition will be used for preparing thin alloy films of 

different compositions in a fast and precise fashion.  

Alloys will be deposited on mirror-polished corrosion 

resistant Ti coupons that will be installed later in an 

electrochemical cell to test the electrochemical activity 

and stability.  Physical characterization of catalysts and 

support optimization will be carried out by monitoring 

the properties of the materials at all stages of the 

synthesis. Tests will be conducted in order to determine 

catalytic enhancements due to metal support interactions 

and catalyst-support stability.  These will include 

evaluation techniques using inductively couple plasma 

(ICP), electron microscopy, and x-ray diffraction (XRD) 

to evaluate metal loading, catalyst microstructure and 

crystalline pattern, respectively.  Production of catalyst 

nanoparticles on high surface area carbon supports will 

be performed using processes previously used and 

optimized at SRNL, including seed-mediated 

nanoparticle growth using NaBH4 as the reducing agent 

[18] or through the use of polyol reduction. 

Prior to SO2 exposure, the sputtered thin film samples on 

the Ti coupons will be cycled electrochemically to study 

the surface reaction and stability of the films.  SO2 

catalytic performance will be measured by linear sweep 

voltammetry at room temperature to study the 

electrolysis of bubbled SO2 to form H2SO4 and H2 in 

H2SO4 solutions.  In the case of cathode catalyst testing, 

the H2 underpotential deposition and H2 evolution 

reaction will be measured by cycling the electrocatalysts 

to potentials below 0 V vs RHE (reversible H2 electrode) 

in the presence and absence of known concentrations of 

SO2 and H2S.  Catalysts on high surface area carbon 

will be tested as thin films by dispersing the catalyst 

powder in DI (deionized) water and ethanol solutions 

and by fixing them on the electrode with Nafion®.  

Electrochemical testing will follow as described above. 

The second subtask will focus on PEM development, 

leveraging collaboration with USC.  It will build upon 

procedures developed at USC for casting and doping 

improved PBI membranes, termed the PPA process.  

Sulfonated PBI (s-PBI) membranes will be prepared 

using the same process starting with sulfonated 

monomers to impart an additional acid moiety in the 

polymer structure to enhance conductivity.  USC will 

focus on developing highly stable s-PBI membranes that 

can operate at high acid concentrations and temperature.  

The chemical stability of the membranes in a corrosive 

environment will be examined using accelerated 

screening methods to provide insight into the potential 

long-term performance.  Following acid exposure, the 

membranes will be characterized using infrared 

spectroscopy to compare the spectra taken before and 

after the screening test to determine the impact on 

membrane functional groups.  Membrane transport of 

SO2 will be evaluated under non-polarized conditions 

using techniques developed at SRNL and USC.  The 

ionic conductivity will be evaluated in the SDE button 

cell. 

The third subtask, button-cell SDE testing, will use 

SRNL’s existing pressurized button cell test facility to 

evaluate the performance of new s-PBI membranes and 

suitable electrocatalysts.  In-house MEA preparation 

methods will be used and optimized to prepare catalyst 

coated membranes.  The completed MEAs will then be 

assembled into single cells and tested for activity and 

stability according to SRNL developed protocols.  

Tests include polarization curves, chronopotentiometry, 

electrochemical impedance, and in-situ SO2 crossover. 

 

3.2.3 Solar System Development – This task is divided 

into five subtasks.  The first is development of the 

sulfuric acid decomposer.  The high temperature SO3 

decomposer portion of the two-chamber solar reactor 

developed by DLR, is ready for scale-up, while the 

evaporator needs to be redesigned in order to develop a 

solar tower demonstrator in the future.  Therefore, DLR 

will construct a laboratory-scale prototype in the 10 kW 



 

 

range for vaporization of sulfuric acid.  This evaporator 

will incorporate a novel and scalable design concept 

forming the basis of future solar tower demonstrators.  

DLR will perform on-sun testing with the prototype 

evaporator in its solar furnace/simulator in Cologne, 

Germany.  Also, an integration concept for advanced 

catalysts resulting from the fifth subtask below will be 

developed in order to convert a substantial fraction of 

SO3 in the evaporator before entering the high 

temperature decomposer chamber. 

On-sun testing is time consuming and limited in terms of 

operating conditions and reactor configuration.  

Therefore, DLR will develop a system model of the 

solar sulfuric acid evaporator as the second subtask and 

validate it with experimental data from the solar 

furnace/simulator tests.  Moreover, an existing and 

experimentally validated model of DLR’s laboratory-

scale SO3 decomposer will be adapted and applied in 

combination with the evaporator model to simulate the 

performance of a two-chamber sulfuric acid cracker at 

the laboratory scale.  Based on these results, a solar 

tower scale-up of this reactor concept will be developed 

including solar field design.  The system models will 

be adapted to predict the performance of this scale-up in 

order to evaluate its feasibility for future demonstration 

of the technology. 

For the third subtask, DLR will integrate the model of 

the scaled solar reactor into the process simulation to 

analyze the impact of the solar receiver/reactor system 

on H2 production.  The effect of intermittent solar input 

over the course of a day and a year will be of particular 

interest for this process simulation.  In this context, 

DLR will develop control procedures for operating the 

solar receiver to optimize the performance of the 

receiver/reactor system and the process as a whole.  

Moreover, DLR will evaluate the costs of the solar 

receiver/reactor as part of a techno-economic assessment 

of the H2 production plant. 

Testing of materials of construction for the acid cracking 

step comprises the fourth subtask.  During 

decomposition of H2SO4, the vaporization step is 

particularly corrosive.  In long-term testing, silicon 

carbide was found to withstand the harsh conditions 

during the phase change from liquid to gaseous acid over 

several thousand hours.  However, metals have 

significant advantages as construction material in terms 

of flexibility and manufacturing.  In order to introduce 

metallic components in an evaporator for sulfuric acid, 

the corrosion resistance needs to be enhanced by suitable 

alloying components or protective coatings.  DLR will 

perform a screening analysis of advanced metals and 

carry out long term corrosion testing in boiling sulfuric 

acid with selected samples for up to 5,000 h to prove 

their feasibility. 

The fifth subtask is development of a decomposition 

catalyst.  As mentioned previously, copper vanadate 

based materials showing promising SO3 conversion 

capability in the low temperature range (down to 600°C) 

have been developed.  Based on these findings, the 

Aerosol and Particle Technology Laboratory (APTL) in 

Greece will be subcontracted to synthesize candidate 

catalyst materials for SO3 reduction at 600-700°C and 

measure their initial activity.  For selected catalysts, 

DLR will carry out durability testing for up to 1,000 h to 

demonstrate stability during decomposition of SO3.  

APTL will perform physico-chemical analyses with the 

tested samples applying qualified measuring techniques 

like scanning electron microscope/energy dispersive x-

ray (SEM/EDX) analysis, XRD, and thermal gravimetric 

analysis (TGA).  In an alternative approach, INL and 

USC will synthesize and test bimetallic core/shell 

catalysts for high temperature operation.  Pt and PGM-

based monolayer shells will be deposited on high 

melting, oxophilic base metals such as Ru, Ni, Co or Re 

cores using electroless deposition techniques.  These 

enhanced materials are expected to have high activity, 

superior stability, and lower cost than traditional metal 

oxide supported Pt based catalyst.  Electroless 

deposition will also be used to prepare catalysts having 

controlled, bimetallic surfaces, such as Au-Pt, to test 

whether such compositions have superior activities to 

permit operation at temperatures lower than those 

currently used.  These materials will also be tested for 

durability for up to 1,000 h and will be examined by a 

variety of physico-chemical methods. 

 

3.2.4 Acid/SO2 System Development – This task ask is 

divided into four subtasks, starting with flowsheet 

design and economic assessment.  A process flowsheet 

for pre- and post-acid decomposition management will 

be established.  Heat recuperation between various 

fluid streams will be optimized.  The process window 

for the baseline SO3 recycling, SO2-O2 separation and 

SO2 storage approaches will be defined.  Using the 

flowsheet design, an economic assessment to minimize 

the operating cost as a function of process parameters 

will be carried out.  The design of the bench scale 

system will be based on the requirements outlined in the 

flowsheet.  Upon completion of bench top testing, the 

resulting data will be incorporated in the final flowsheet 

design. 

The second subtask is laboratory verification of the 

baseline separation and process designs.  The extent of 

SO3 recycling and SO2-O2 separation as predicted by the 



 

 

flowsheet will be experimentally verified.  Solubility of 

SO3 and SO2 in various concentrations of H2SO4 as a 

function of temperature will be determined.  Results 

will be used to update the process conditions in the 

flowsheet and system economics. 

Design, construction and testing of the bench-scale 

system comprise the third subtask.  Based on the 

flowsheet process parameters, a bench scale unit for SO2 

separation and storage will be designed, constructed and 

tested.  The unit will be sized to meet or exceed the 3-L 

H2 target required for system integration testing (Section 

3.2.5).  It will be built using proper materials of 

construction and designed to allow scale-up for larger 

demonstrations.  The unit will be tested under 

conditions that simulate the process window specified in 

the flowsheet, and the results will be used to validate the 

flowsheet design and project economics.  In parallel, a 

quartz-based acid concentration system will be 

constructed to enable acid concentration to be performed 

during integrated testing. 

The fourth subtask is design of a full commercial scale 

unit.  Based on the bench scale unit test results, a scaled 

up model design of the system and an assessment of the 

economics of the process unit will be conducted. 

 

3.2.5 Acid/SO2 Virtual Plant On-sun Demonstration – 

The objective of this task is to demonstrate the full HyS 

process by conducting a “virtual” plant demonstration 

near the end of the project.  This will be a coordinated 

test where common interface conditions will be 

maintained between all three major process systems.  

The solar acid decomposition system will be tested on-

sun at DLR in its solar furnace/simulator in Cologne, 

Germany; the SDE will be tested at SRNL; and the 

acid/SO2 system will be tested at GA.  Simulated 

integrated operation will be achieved by matching 

interface conditions between systems and utilizing the 

system simulation models.  The on-sun test will be 

conducted for ≥ 8 h and the electrolyzer will be 

operated to produce ≥3 L H2. 

 

4. Summary 

 

An international team has been assembled to develop a 

virtual demonstration of a solar HyS cycle process.  

Led by SRNL, the team intends to verify technical 

solutions to barriers for a solar HyS process and to 

demonstrate them in an on-sun test within three years.  

This effort has been organized around the three primary 

areas of the process as well as supporting tasks.  The 

primary process components include the SDE, the solar 

acid decomposition reactor, and the SO2 separation and 

acid handling system, and the team members responsible 

for their development are SRNL, DLR, and GA, 

respectively.  The other three partners will help 

develop improved catalysts (INL and USC) and 

membranes (USC), as well as a properties model for the 

highly non-ideal SO2-H2SO4-H2O-SO3-O2 system.  

SRNL will be responsible for the overall system design 

and analysis, which will identify critical barriers and 

performance levels to help guide the research toward 

meeting the MYRDD goals.  During the third year, a 

virtual plant on-sun demonstration will be performed to 

verify the technology solutions.  Integrated operation 

will be simulated by matching interface conditions 

between systems and using process models to 

demonstrate that the components will work together as 

needed.  Based on these results, a detailed commercial 

scale solar HyS plant design will be prepared and used 

to estimate the cost of hydrogen production. 
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