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ABSTRACT 
Performance characterization and durability testing have 

been completed on two five-cell high-temperature electrolysis 
stacks constructed with advanced cell and stack technologies. 
The solid oxide cells incorporate a negative-electrode-
supported multi-layer design with nickel-zirconia cermet 
negative electrodes, thin-film yttria-stabilized zirconia 
electrolytes, and multi-layer lanthanum ferrite-based positive 
electrodes. The per-cell active area is 100 cm2. The stack is 
internally manifolded with compliant seals. Treated metallic 
interconnects with integral flow channels separate the cells and 
electrode gases. Stack compression is accomplished by means 
of a custom spring-loaded test fixture. Initial stack performance 
characterization was determined through a series of DC 
potential sweeps in both fuel cell and electrolysis modes of 
operation. Results of these sweeps indicated very good initial 
performance, with area-specific resistance values less than 
0.5 �.cm2. Long-term durability testing was performed with a 
test duration of 1000 hours. Overall performance degradation 
was less than 10% over the 1000-hour period. Final stack 
performance characterization was again determined by a series 
of DC potential sweeps at the same flow conditions as the 
initial sweeps in both electrolysis and fuel cell modes of 
operation.  A final sweep in the fuel cell mode indicated a 
power density of 0.356 W/cm2, with average per-cell voltage of 
0.71 V at a current of 50 A. 

INTRODUCTION 
There is a growing interest in the development of large-

scale non-fossil hydrogen production technologies.  This 
interest is driven by the near-term demand for hydrogen for 
refining of increasingly low-quality petroleum resources, the 

expected intermediate-term demand for carbon-neutral 
synthetic fuels, and the potential long-term demand for 
hydrogen as an environmentally benign direct transportation 
fuel [1 - 3].  Additional important non-transportation markets 
for large-scale hydrogen production include ammonia 
production and (potentially) carbon-free steel production [4].  
At present, hydrogen production in North America is based 
almost exclusively on steam reforming of methane.  From a 
long-term perspective, methane reforming may not be 
sustainable for large-scale hydrogen production since natural 
gas is a non-renewable resource that exhibits large volatility in 
price and since methane reforming and other fossil-fuel 
conversion processes emit large quantities of greenhouse gases 
to the environment [5].  Non-fossil carbon-free options for 
hydrogen production include conventional water electrolysis 
coupled to either renewable (e.g., wind) energy sources or 
nuclear energy.  The renewable-hydrogen option may be viable 
as a supplementary source, but would be very expensive as a 
large-scale stand-alone option [6, 7].  Conventional electrolysis 
coupled to nuclear base-load power can approach economical 
viability when combined with off-peak power, but the capital 
cost is high [8].  To achieve higher overall hydrogen production 
efficiencies, high-temperature thermochemical [9] or 
electrolytic [10] processes can be used.  The required high 
temperature process heat can be based on concentrated solar 
energy [11] or on nuclear energy from advanced high-
temperature reactors [12].  From 2003 – 2009, development and 
demonstration of advanced nuclear hydrogen technologies were 
supported by the US Department of Energy under the Nuclear 
Hydrogen Initiative (NHI) [13].  High temperature steam 
electrolysis was demonstrated as a feasible technology under 
this program, which included a 15 kW HTE technology 
demonstration, achieving a hydrogen production rate in excess 
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of 5000 NL/hr [14].     During 2009, the NHI program 
sponsored a technology down-selection activity by which an 
independent review team recommended HTE as the most 
appropriate advanced nuclear hydrogen production technology 
for near-term deployment [15].  HTE research is currently 
supported by the DOE Office of Nuclear Energy under the Next 
Generation Nuclear Plant (NGNP) Program [12]. 

The ultimate cost of hydrogen production by any 
technology is dependent on both capital and operating costs.  In 
order to achieve competitive capital costs, HTE cells and stacks 
must exhibit both high performance and low degradation rates.  
Although HTE has been successfully demonstrated, our 
experience to date has indicated that solid oxide electrolysis 
cell (SOEC) and stack degradation must be improved prior to 
deployment of HTE as a viable cost-competitive technology.  
Consequently, the current focus of our research is to identify 
the mechanisms responsible for accelerated degradation in the 
electrolysis mode.  Once these mechanisms are fully 
understood and ranked in terms of importance, effective 
mitigation strategies can be developed.  Possible degradation 
mechanisms include transport of impurities leading to electrode 
poisoning and deactivation [16], coarsening of electrodes [17], 
loss of electrolyte ionic conductivity [18], depletion of oxygen 
vacancies in mixed conducting electrodes [19, 20], and 
electrode delamination [21]. 

Anode-supported cells represent the state of the art for 
solid oxide fuel cells.  In the electrolysis mode, the nickel 
cermet electrode becomes the cathode.  Depending on the 
material set, operation of these cells in the electrolysis mode 
can result in accelerated degradation and delamination of the 
oxygen electrode.  The objective of the High Temperature 
Steam Electrolysis research program at the Idaho National 
Laboratory is to support development of SOECs and stacks that 
can achieve both high initial performance and low degradation 
rates.  Performance degradation of 0.5%/khr or lower is 
required for commercial viability. 

The cells and stacks used for these tests were supplied by 
Materials and Systems Research (MSRI), Inc.  The cells were 
fabricated using MSRI’s state-of-the-art fabrication processes 
specifically for operation in the steam electrolysis mode.  In 
order to minimize possible cell variation among batches, a large 
batch of cells using MSRI’s advanced SOEC material set were 
produced.  Ten cells were randomly selected from a pool of 
twenty cells and were assembled into two identical 5-cell 
stacks.  In addition, all non-cell repeat units for the construction 
of the stacks were identical, including dry contact aids, seal 
gaskets and interconnects.  One stack was delivered to INL on 
January 10, 2011 for independent testing, with MSRI’s staff 
present on-site providing assistance in the stack installation and 
testing.  The second identical stack was tested at MSRI. Testing 
included initial performance evaluation in both the fuel cell and 
electrolysis modes of operation, followed by long-term 
(1000 hrs) durability testing.  Results of tests performed at both 
locations are included in this paper. 

NOMENCLATURE 
ASR =    Area-Specific Resistance, � cm2 
DAC =    Digital to Analogue Converter 
DOE =    U.S. Department of Energy 
HTSE =    High Temperature Steam Electrolysis 
INL  =    Idaho National Laboratory 
NASA =    National Aeronautics and Space Administration 
NGNP =    Next Generation Nuclear Plant 
OCV =    Open Cell Voltage 
P&ID =    Piping & Instrumentation Diagram 
SOEC =    Solid Oxide Electrolysis Cell 
SOFC =    Solid Oxide Fuel Cell 
VI =    Virtual Instrument 
YSZ =    Yttria-Stabilized Zirconia 

TEST APARATUS AND STACK INSTALLATION 
In 2010, a sixth test station was added to the bench-scale 

high temperature electrolysis testing capability at the INL.  This 
new test stand added significant additional capability to the lab. 
At the heart of the test stand is a vertically mounted split tube 
furnace that provides increased access to the electrolysis test 
articles without physically removing the furnace. The furnace 
has an electrical power rating up to 15 kW and can be operated 
at temperatures up to 1000ºC.  It has an inside diameter of 16 
inches and a height of 21 inches.  The vertical clamshell design 
provides easy access to the test fixture (inconel 625) that 
facilitates the supply of process gases and electrical power to 

 
Figure 1.  Test stand developed for testing of internally 
manifolded stacks with electrode-supported cells.  Photograph 
shows the network of remotely controlled motor-operated 
valves used for steam generation selection. 
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of the upper electrode, onto which compression springs with 
pusher plates are placed. Compression of the stack to the 
desired loading is achieved through the tightening of nuts on 4 
threaded bars that stand in parallel to the load transfer tube and, 
fixed to the lower test fixture portion, run through the pusher 
plates. Upon achieving the desired compression of the springs 
and hence forced loading of the stack, the furnace may be 
closed and a heat-up procedure executed.  During heat up, the 
compression of the springs is monitored and carefully adjusted 
to maintain the prescribed load, and to compensate for thermal 
expansion of the threaded rods and compression of the 
compliant seals in the stack.  A closeup photograph of the stack 
mounted on the test fixture is provided in Fig. 3.  A photograph 
of the stack installation in progress is shown in Fig. 4.   

A piping and instrumentation diagram (P&ID) for the test 
stand used for these tests is provided in Fig. 5.  Remotely 
controlled motor-operated valves are used to simplify the 
selection of the piping configuration for a given desired 
operating condition.  If the humidifier is selected, a bypass 
option is available to provide dry gas to the stack during startup 
and cooldown.  If the CEM is selected, either the small or large 
unit is selected.  Also a nitrogen purge of the liquid mass flow 
controllers is available when the CEM option is selected.  Three 
additional valves provide on-off control of the air, DI water and 

condenser cooling water.  Two non-motorized 3-way valves are 
included in the system to provide a stack bypass option. 

Real time test data is collected from in-line instrumentation 
using a multi-channel data acquisition unit (Agilent) which is 
interfaced to the system controller computer using a Labview� 
based virtual instrument (VI).  A programmable DC power 
supply (lambda�) was used to provide electrical power to a 
stack while operated in the steam electrolysis mode. A 
programmable electronic load (Amrel) is used as a power sink 
for operation of stacks in the fuel cell mode. Switching between 
the power supply and the electronic load is facilitated by a 
network of electronic relays housed within a switching box. 
Both the electronic load and power supply is controlled through 
the Labview� VI, allowing for data acquistion and control of 
DC-potential sweeps for stack performance characterization. 

SOLID OXIDE ELECTROLYSIS CELLS AND STACK 
The solid oxide cells used for this study have a square 

profile with outer dimensions of 15.2 cm x 15.2 cm and a cell 
active area of 100 cm2.  The cells incorporate a negative-
electrode-supported multi-layer design with nickel-zirconia 
cermet negative electrodes, thin-film yttria-stabilized zirconia 
electrolytes, and multi-layer lanthanum ferrite-based positive 
electrodes.  The nickel zirconia electrode has a support layer 

 
Figure 5: Piping and instrumentation diagram for the INL High Temperature Steam Electrolysis Test Stand 6.  
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dry hydrogen flowing on the fuel side. The VI curve for this 
sweep exhibits significant curvature at low current density.  
This effect is associated with the high sensitivity of the Nernst 
potential to small changes in average steam concentration as 
cells begin to convert hydrogen to steam in the fuel cell mode.  
SOFC sweep 2, 1-11, and SOEC sweep 1, 1-11 were performed 
with 50% mole fraction steam.  These sweeps exhibit nearly 
linear behavior that is continuous in the fuel cell and 
electrolysis modes.  SOEC sweep 2, 1-11, was performed with 
70% steam.  Note that the open-cell (zero-current) potential 
decreases with higher steam content.  This sweep shows nearly 
linear VI behavior with a slop that is parallel to SOEC sweep 1, 
1-11.  

Final VI sweeps were obtained after 1000 hours of 
operation in the SOEC mode.  In all cases, the final sweeps 
have slightly steeper slopes than the corresponding initial 
sweeps, as expected, due to performance degradation.   

Results from the 1000-hour INL test are presented in 
Figs. 7 - 9.  Fig. 7 shows the overall stack voltage and current 
for the 1000-hr test.  The test was performed at a constant 
current of 20 A.  Stack voltage increased from 4.58 V to 
5.047 V over the test duration, indicating a degradation rate of 
10.2%/khr based on voltage.  An expanded view of the stack 
voltage is presented in Fig. 8 along with the inlet and outlet 
dewpoint values.  The outlet dewpoint values are ~3.5°C lower 
than the inlet values, which is consistent with the electrolytic 
conversion of steam to hydrogen at these gas flow rates and at 
this amperage.  The dewpoint measurements allow for 
independent determination of the steam consumption/hydrogen 
production rate.  This figure indicates fluctuations in stack 
voltage that correlate with fluctuations in dewpoint values 
observed during the first 800 hours of the test. These 
fluctuations were attributed to significant drops in facility water 

pressure that resulted in the reduction in steam production. 
These fluctuations in water pressure were rectified at 
approximately 800 hours into the test through the installation of 
a booster pump downstream of the mains water supply, ahead 
of the water purification system.  

Another notable artifact of a significant test anomaly is 
evident in Figures 6 and 7 at approximately 210 hours when the 
gas generator partially failed to operate on a liquid nitrogen 
dewar used to supply nitrogen gas to the test facility. The 
reduction in nitrogen gas supply resulted in increased steam 
molar concentrations and hence a dramatic drop in SOEC 
operating voltage. This problem was rectified rapidly by the 
switching of the nitrogen gas supply to a secondary nitrogen 
dewar. 

 Individual cell voltages recorded during the long-term test 
are presented in Fig. 9 along with the apparent area-specific 
resistance (ASR) values (stack operating voltage minus stack 

Table 1: Summary of the MSRI Stack heat-up procedure and 
operating conditions. 

 
Step Temperature  

(�C)
Compressive 

load 
(Lb) 

H2
Flow

(SLPM) 

N2
Flow

(SLPM) 

Airside
Flow

(SLPM) 
1 0 � 600 

@ 5 �C/min 100 0.45 4.05 4.5 - N2 

2 600 � 830 
@ 5 �C/min 400 0.45 4.05 4.5 - N2 

3 830 
0.5 hour hold 400 0.45 4.05 4.5 - N2 

4 830 � 800 
@ 5 �C/min 400 0.45 4.05 4.5 - N2 

4 800 
1 hour hold 400 0.45 4.05 

 4.5 - N2 

4 800 
1 hour hold 400 1.2 4.8 

 6.0 - N2 

5 800 
1 hour hold 400 1.8 4.2 6.0 - N2 

6 800 
Long Term 
Operation 

400 2.5 2.5 4.1 – N2 

 

Figure 7.  Stack voltage and current, long-term test. 
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Figure 8: Stack voltage and dewpoint temperatures, 1000-hr 
INL test. 
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open-cell voltage divided by current density).  The individual 
cell voltages are very steady, with the exception of the top cell, 
which increases dramatically during the long-term test.   In fact, 
cell 1 degraded at a rate of approximately 24.1 % per 1000 
hours while cell 4 (the second from the bottom of the stack) 
exhibited the lowest degradation rate of only 3.28 % per 1000 
hours. Clearly the overall degradation of the stack was 
significantly influenced by the degradation of the uppermost 
cell.   We are investigating the possible causes of the 
accelerated degradation of that cell. The initial stack ASR value 
was 0.41 �cm2.  The stack ASR increased to 0.89 by the end of 
the 1000-hr test. 

RESULTS - MSRI TESTS 
As mentioned previously, an identical companion 5-cell 

stack was tested at MSRI in a similar test stand and with similar 
operating conditions.  Results of an initial sweep performed in 
the fuel cell mode are presented in Fig. 10.  This sweep was 
performed in a stepwise fashion, allowing for adjustments of 
hydrogen and air flow rates such that both the fuel and air 
utilizations were fixed at 40%.  As shown in the figure, at 30.4 
amps, the stack generated 128.09 W of electrical power at 
4.205 V (or 0.841 V/cell).  After the SOFC baseline test, the 
same stack was evaluated in the SOEC mode with the steam 
utilization fixed at 40%.  Results are shown in Fig. 11.  The 
concentrations of steam carried by H2 on the negative electrode 
varied from 50% to 70%.  At 20.3 amps, the stack respectively 
consumed 104.48 W and 102.44 W of power for steam 
concentrations of 50% and 70% bal. H2 in the electrolysis 
mode.   

Results of the long-term 1100-hr durability test performed 
at MSRI are presented in Fig. 12.  The test was performed at a 

 

Figure 9.  Individual cell voltages, long-term test, current 
density of 0.2 A/cm2 and an inlet steam molar concentration of 
69.5 %Mol. The apparent stack ASR and its behavior as a 
function of time is also indicated. 
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Figure 10. Initial stack voltage and power, 5-cell stack 
tested at MSRI.  Hydrogen and air utilization set at 40% 

 
Figure 11.  Initial SOEC sweep, MSRI test, steam 
utilization fixed at 40%. 

 
Figure 12. Results of long-term 1000-hr SOEC 
durability test performed at MSRI. 
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fixed current of 20.3 A with a fixed steam utilization of 40%.  
This stack demonstrated a degradation rate of less than 3%/khr, 
based on voltage.  This low degradation rate is remarkable and 
it represents significant progress toward a commercial viability.  
On day 32 (after 768 hours continuous test), the long-term test 
was interrupted for a scheduled operation in SOFC mode 
(power generation mode) which serves as a check-point for the 
stack functionality.  The results of this sweep are presented in 
Fig. 13.  Comparison of the initial and day 32 sweeps confirms 
that degradation was minimal. 

SUMMARY AND CONCLUSIONS 
Results of performance characterization and durability 

testing have been presented for two five-cell high-temperature 
electrolysis stacks constructed with advanced electrode-
supported cells and internally manifolded stack technologies.  
One stack was tested at the Idaho National Laboratory and an 
identical stack was tested at MSRI.  A detailed description of a 
new test station at INL was provided.  Test results indicated 
excellent initial performance and low overall degradation rates.  
The overall degradation rate for the INL stack was 10.2%/khr, 
but degradation for this stack was dominated by one cell that 
exhibited a very high degradation rate of 24.1%/khr.  The 
overall degradation rate for the MSRI-tested stack was less than 
3%/khr.  This low degradation rate is remarkable for the SOEC 
mode of operation. 
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