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The present study reports a first estimation of the number of Alkali-Metal Thermal-to-
Electric Converter (AMTEC) cells required for an AMTEC-Concentrated Solar Power
(CSP) hybrid power plant in the 100MWth class envisaged in [3]. The materials for
the electrodes are also discussed and the best candidates are identified. Furthermore,
numerical results obtained for the structural analysis of an experimental AMTEC cell
developed at the Karlsruhe Institute of Technology (KIT) are reported.

Introduction. Promoted by the changes in the German energy policy (called
“Energiewende”) “green” technologies, such as geothermal, wind and solar power,
have received increased interest. Of high priority are renewable energy sources
with load balancing capabilities such as concentrated solar power. To become
an interesting option for industry, the efficiency of the thermal plant has to be
increased. In this context, the Alkali-Metal Thermal-to-Electric Converter tech-
nology is considered as an option for a topping system for CSP [1]. Together with
a thermal energy storage (TES) device it represents a promising solution for the
extension of the global efficiency and of the total electrical output of a thermal
power plant. AMTEC devices are based on the unique property of β-alumina
ceramics, such as β′′-alumina solid electrolyte (BASE), to allow the transport of
alkaline (sodium) ions, while having a high electric resistivity. On the anode side
of an AMTEC cell characterized by high temperature (∼800◦C) and relative high
pressure (∼105 Pa), the sodium ionizes, with ions being transported through the
BASE and electrons directed towards an external load to produce electricity. On
the cathode side of the cell characterized by lower temperature (250 – 500◦C) and
lower pressure (10 – 100Pa), the ions recombine with the electrons to form neutral
sodium molecules in vapor state which condense at cold side and are circulated
back to the anode side, to close the cycle (see Heinzel et al. [2]).

Sodium has been recently identified as the best heat transfer fluid for thermal
power plants, delivering the largest electrical energy to the grid and achieving
the largest efficiency of the ideal delivered electricity, according to Liu et al. [3].
Considering the same input thermal energy, liquid sodium has the highest average
heat transfer rate compared with compressed air at 10 bar, supercritical CO2 at
100 bar, steam at 10 bar and molten salt. This result is attributable to its high
thermal conductivity.

Recently a concept of using liquid metals such as sodium for a hybrid thermal
solar plant using AMTEC technology has been proposed by Hering et al. [1].

As an alternative for delivering the electrical base load, this new concept en-
visages the use of a TES that will allow the continuous operation of the facility
during night and will also compensate short time heat fluctuations that can oc-
cur during day operation. Furthermore, the mid-day maximum in the thermal
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energy can be used by employing the AMTEC technology as an add-on system
for direct generation of electricity. This variant allows the use of conventional
materials (e.g. stainless steel 1.4571) for the low temperature region (< 550◦C),
reducing therefore, the construction costs. At higher operating temperatures, the
AMTEC modules will ensure the direct conversion of the thermal energy into elec-
trical energy. The AMTEC cold side operates at temperatures < 500◦C and it is
connected to the hot side of the TES. By this solution the “cold” sodium from the
storage tank at ∼200◦C is heated by the “waste” energy generated by the AMTEC
devices. A concept design for a compact, small size solar thermal receiver using
AMTEC converters has been proposed by Tanaka [4]. It is reported that the sys-
tem conversion efficiency in maximum mode reaches 20% and generates ∼12 kWe,
while in maximum output mode reaches 18% and generates almost 23 kWe.

1. Overview of thermoelectrical converters for solar energy conver-
sion. Thermoelectrical (TE) devices that have the potential to be employed for
the conversion of the solar energy into electricity are the converters based on the
Seebeck effect, the thermionic converters, the AMTEC converters and the solar
cells.

Heat engines based on the Seebeck effect that use solar energy for electricity
production are known as solar thermoelectric generators (STEGs). In comparison
to classical CSP systems, STEGs can operate at higher temperatures and do not
require moving parts or working fluids, while having similar efficiencies of about
15%. An efficiency up to 15.9% is reported by Baranowski et al. [5] with present
materials that exhibit a figure of merit ZT = S2σT/κ = 1, where S denotes the
Seebeck coefficient, σ [Ω−1m−1] represents the electrical conductivity, T is the
temperature, and κ [WK−1m−1] denotes the thermal conductivity. For improved
materials (ZT = 2) and increased operating temperatures (1500◦C), an efficiency
of about 30% can be considered [5]. Conventional thermionic converters operate at
temperatures exceeding 1000◦C, and some applications include coupling to nuclear
power units for electricity production in space. Even at these high temperatures,
operating efficiencies only up to about 20% can be reached. Recently, the concept
of photon-enhanced thermionic emission (PETE) for harvesting the solar energy
has been proposed [6] by combining the thermal and photovoltaic carrier excitation
with the thermionic emission. In contrast to conventional thermionic converter,
the electrodes are held at the same temperature while vacuum is applied between
them, and the cathode is side-illuminated rather than front-illuminated [7]. The
illumination of the cathode increases the electronic conduction band of the cath-
ode and consequently the energy barrier of the electrons to vacuum is reduced,
allowing, therefore, the emission of electrons at lower temperatures than conven-
tional thermionic converters. One advantage of the new concept is the reported
increased efficiency up to about 40% at about 900◦C.

Theoretically, optimized AMTEC cells can reach efficiencies up to ∼40% [8],
but in practice lower efficiencies of ∼25% [1, 15, 16, 17] have been reached. The
decreased output power during long time operation is one drawback of the cell
and it is mainly attributable to the chemical changes occurring in the electrolyte
and in the electrodes. Nevertheless, the operation of an AMTEC module for more
than 5 years without power loss is reported in [9]. Although no explanations are
given by the authors for this achievement, it possibly confirms the existence of a
critical current density below which no power loss occurs.

For comparison purposes, the solar cells are also considered since they belong
also to the class of direct energy converters. For crystalline amorphous silicon
solar cells, Panasonic [10] reported recently an efficiency of 25.6% for the HIT
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Table 1. Overview of the main thermoelectrical converters for solar energy conversion.

Thermoelectric device Main advantages Disadvantages

Thermoelectric conver-
ter (Seebeck effect)

Appropriate for applicati-
ons with high temperatu-
re (T > 200◦C) and lowpo-
wer (few watts). No moving
parts

Low efficiency (<15%), high
costs, high output resis-
tance. Semiconductors for
high temperatures (T >
1000◦C)

Thermionic converter
(TC)

Coupling to nuclear power
units for space missions.
Applications using solar en-
ergy (PETE concept) can
deliver ∼40% efficiency at
∼900◦C

Conventional TC’s have low
efficiency (<20%). Conven-
tional TC require high ther-
mal energy (T > 1500◦C)

AMTEC converters Thermodynamically appro-
priate for CSP systems
with Na as a heat carrier.
Flexible thermal energy in-
put. Robust, silent, re-
duced maintenance

Moderate efficiency (lower
than theoretical value).
Power loss during long time
operation

Solar cells Industrial production. Low
thermal energy required.
Low maintenance

Rather low efficiency
(<20%). Expensive man-
ufacturing and materials.
Disposal of rare elements

(Heterojunction with Intrinsic Thin layer) solar cell. While all-single junction cells
have theoretical efficiency of up to 31%, the multi-junction cells can reach larger
efficiencies. The highest efficiency achieved presently is about 47% [11, 12], for a
four-junction solar cells that use semiconductor materials stacked on top of each
other. The drawback of the multi-junction cells is that their price is significantly
larger than for the commercially available cells, which have efficiencies < 20%.

The main advantages and drawbacks of the technologies discussed above are
summarized in Table 1.

2. Preliminary layout of the AMTEC system for CSP .

2.1. Assessment relative to the sizing of an AMTEC cluster. For the hybrid
system AMTEC and Concentrating Solar Power (A&CP), the AMTEC system en-
visaged should be dimensioned in the range 1–10MWe, for a total system thermal
output of about 100MWth. The ratio can be optimized to meet the needs of the
projected power plant. The yearly averaged thermal energy potentially available
for AMTEC system, which is location dependent, should be correlated with the
size of the base plant, receiver, and to the TES in order to properly dimension the
AMTEC system.

For an AMTEC cell, the power vs. amperage curve has an inverted U-shape,
defining therefore the voltage and amperage at the peak of the profile for maximal
electrical power. Typically the maximum power density has been compared in
the literature. Underwood et al. [13] proposed that the comparison should be
made in terms of the AMTEC figure of merit ZA = Pm/Pt, defined as the ratio of
the measured maximum power density Pm = VmIm/Ae, where Vm is the applied
voltage at maximum power, Im is the total measured current at maximum power,
Ae is the area of the electrode, to the theoretical maximum power density Pt. The
theoretical maximum power [13] is the maximum power density produced minus
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the losses due to resistances in the electrolyte, in the BASE/electrode contact and
in the current feedthroughs. For the preliminary layout of the AMTEC system,
the focus is on the maximum power density Pm that can be achieved by different
configurations. Consideration of the figure of merit for a preliminary layout is still
premature at this stage. A rough estimation of the number of BASE elements
coated with electrodes for the output power required is performed in this study.

Although not the optimal design for an AMTEC cell, for the purpose of this
study, a reference configuration cell is considered consisting of a single side closed
cylinder with a surface of 30× 200mm2 (diameter× length) completely covered by
a structured electrode. In order to determine the total electric power delivered,
the best experimental results reported at maximal power for molybdenum (Mo) [1,
14], titanium nitride (TiN) [9, 16], titanium diboride (TiB2) [15], niobium nitride
(NbN) [25], titanium carbide (TiC) [26] and rhodium tungsten (RhW) electrodes
[17] have been linearly extrapolated for the AMTEC geometry considered, as dis-
played in Table 2. For all sets of data, the current density was kept constant, and
the area of the electrode was extrapolated to the reference area.

For long time operation of the AMTEC system, the power loss has to be taken
into account, in order to eliminate it from the design phase by appropriately setting
the AMTEC operating parameters. Richman and Tennenhouse [18] report critical
values for the current density below which no power loss occurs, e.g., a BASE
containing 0.25wt.% LiO2 can be charged up to a current density of 1A/cm2

before power loss can occur. Nevertheless, this criterion has been reported for
a low operational temperature of 300◦C and a short operation time. Therefore,
further experimental research is needed to validate the critical current density,
which depends on the BASE chemical composition, for higher temperatures and
for longer test periods that are relevant to AMTEC conditions.

The power dependence on the number of BASE elements is displayed in Fig. 1.
The output electrical power determined is very sensitive to the operating charac-
teristics of the cell. Beside the current density and operating temperature, many
other issues, such as BASE and electrode thicknesses, electrode grain sizes, resis-
tances of the current collector, current lead etc. have to be taken into account
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Fig. 1. Total electric power versus required BASE elements.
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and correlated to achieve a robust AMTEC performance able to deliver a large
amount of electrical energy without power loss. Kato et al. [26] reported one of
the best electrical performances using TiC electrodes. At 750◦C (current den-
sity 1.25A/cm2), an electric output in the range of 1MWe can be realized with
approximately 10200 BASE elements coated, while at 800◦C it can be roughly
estimated from their data that a current density of ∼1.5A/cm2 is achievable (0.75
W/cm2) and a power of 1MWe can be generated using ∼7090 BASE elements.
AMTEC modules using Mo, TiN, NbN, RhW electrodes operated at 800◦C can
deliver 1MWe using ∼15000 cells. A much larger electrical output would impose
significant raise in costs due to the increase in the number of BASE elements
and is at least for the moment not realistic. The power loss that occurs when
operating at high current density is one of the main open issues here and has to
be further investigated. The long time operation of an AMTEC module without
power loss reported in [9] can possibly be explained by the fact that the device
was operated below the critical current density, taking into account the electrical
parameters reported, i.e. very low voltage and amperage. Nevertheless, at larger
electrical output, a very large number of BASE elements is required (see Table 2).
Therefore, the task of identifying and increasing the critical current density above
which power loss can occur has to be further pursued. Increasing the operating
temperature would lead also to a larger electrical output, nevertheless appropriate
materials have to be considered and the number of heliostats should be increased,
both measures implying an increased manufacturing cost.

With the present technology, an electrical output of up to ∼2MWe can be
achieved with ∼30 000 BASE elements at 750–800◦C (see Fig. 1) at a current
density of about 1A/cm2. Operated at larger temperature and increased current
density, the same power could be achieved with fewer BASE elements. Neverthe-
less, in this case, it has to be ensured that the power loss remains at acceptable
levels. The selling cost of 30000 BASE elements is roughly estimated in the mo-
ment at ∼2.5 million EUR. For the A&CP plant, the aimed size of the AMTEC
cluster is presently estimated to ∼30,000 BASE elements, taking into account the
electrical output that can be delivered, the costs and the constructive solutions.
To obtain the balanced optimum between the maximum electric power delivered
and constant performances during long-time usage, further studies have to be per-
formed for a better estimation of the electrical power, taking into consideration
also other AMTEC specific issues such as the small electrode effect.

2.2. Discussion of electrode materials. The proposed A& CP plant operates
in the base mode below 500–550◦C, while the AMTEC modules are switched on
when thermal peak loads occur (during mid-day). At the moment, the maximum
temperature for the operation of the AMTEC cluster is conservatively estimated
to about 800–850◦C, taking into account a maximum temperature of ∼900◦C at
the receiver [3]. Although operating at a larger temperature would enhance the
output electrical power, increased manufacturing costs due to the need of adequate
steels have to be also deemed. The maximum operational time of the AMTEC
modules required for the A&CP plant is conservatively estimated at ∼7 years
(60 000 hours).

The main requirements related to the electrodes are good electrical conduc-
tivity, good mechanical bonding to the BASE and a similar coefficient of thermal
expansion with the BASE, chemically inert against sodium, and good permeability
to sodium vapour. Electrodes are characterized by the charge exchange current
coefficient B = j0(T

0.5P−1), where j0 is the exchange current, T the electrode
temperature and P the pressure, and by the electrode vapour pressure loss fac-
tor G, which characterizes the capacity of sodium to travel through the electrode
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towards the low pressure side. A high B value would imply a high net electrochem-
ical potential generated across the BASE. Smaller G values imply a lower vapour
pressure on the cathode and, hence, a higher electrochemical potential across the
BASE.

The materials considered as candidates for electrodes, as well as some of the
most relevant parameters are summarized in Table 3. For comparison, the BASE
has typically a coefficient of thermal expansion of ∼7.2× 10−6 K−1 at 25◦C.

The electrodes are responsible for about 20% of power loss in an AMTEC
device [19]. Their main mechanism of power loss is the growth of grains, as the
electrodes sinter with increasing temperature. As electrodes sinter, the grains co-
alescence and form larger grains, decreasing, therefore, the electrode transmission
space and consequently the exchange current.

Ryan et al. [20] developed a model based on the grain growth mechanism
for the power deterioration occurring in the electrodes. Considering a maximum
operating period of 60 000 hours, the TiN electrodes can be operated up to a
temperature of 792◦C, while Mo electrodes can be operated up to temperatures of
804◦C and still maintain 90% of their power. For this rather “short” operational
time, RhW electrodes can be operated up to 977◦C and still maintain more than
90% of their power.

Although molybdenum has rather good electrical performances with an ac-
ceptable power loss if the temperature is kept below 800◦C, its main disadvantage
is its reactive character with sodium, leading to the formation of sodium-molybdate
(Na2MoO4) in the electrode [21]. Na2MoO4 enhances the sodium transport due
to ionic conduction up to its melting point (687◦C). However, the performances
degrade in time due to the evaporation of Na2MoO4. Under AMTEC relevant
operating conditions (low sodium pressure and low activity), Na2MoO4 can slowly
corrode Mo and lead to the formation of MoO2 and Na. The reaction can reverse
at increased sodium activity and operating temperature.

Titanium nitride electrodes exhibit generally lower electrical performances as
Mo (smaller B, larger G) and, although being chemically more stable than Mo,
they exhibit significant power loss at rather low temperatures of less than ∼800◦C.
The latter characteristic decreases the chances of TiN for further consideration in
an A&CP plant.

Ceramic electrodes such as TiB2, TiC and NbN have many properties that
make them interesting for application in A&CP (slow degradation, chemically
inert vs. sodium). Though TiC and NbN have a rather large electrical resistivity,
large power densities are reported in the literature (see Table 2). For TiC, one
of the main reasons for the large power delivered is the fine particle size (< 0.1
µm) used that ensured a long triple-phase boundary [26]. As drawbacks, NbN
has a larger expansion coefficient than BASE and there is a rather reduced long-
time operating experience with these electrodes. To the authors knowledge, no
studies of the grain growth mechanism for these electrodes are reported in the
literature. Nevertheless, it should be noted that ceramic electrodes should exhibit a
slower grain growth compared to metallic electrodes, also due to their high melting
point. Considering their electrical performances, TiC electrodes are appropriate
candidates for usage in an AMTEC cluster in an A&CP plant, being able to
deliver a large power density. TiB2 exhibits also excellent properties as well (low
electrical resistivity, large B, small G, chemically inert in Na, similar expansion
coefficient with BASE) and has good potential for the usage in an A&CP plant.
Lanthanum hexaboride (LaB6) exhibits a good electrical conductivity with a peak
power density of ∼5400W/m2 and a good chemical stability in Na environment at
the AMTEC relevant operating temperature [27]. However, no long-time studies
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have been reported in the literature and its mechanism of power loss has not yet
been reported either.

Tungsten rhodium electrodes have received increased interest in the recent
period due to their good electrical performances (large B, small G, balanced power
loss even at higher temperatures) and to their chemically inert behaviour against
sodium. Nevertheless, they are also very expensive, and this aspect makes their
usage questionable. Furthermore, larger power loss has been observed when the
electrodes are based on Ni grids [22].

The platinum tungsten electrodes coupled to Mo grids exhibit a larger power
density than RhW. However, besides their high costs and a rather low B coefficient,
contamination with manganese from stainless steel casing was observed [22]. The
predicted lifetime of PtW is significantly shorter than for RhW because Pt sinters
more rapidly, and it is estimated to vary between 4 to 7 years, below the lifetime
needed for an A&CP plant.

Recently, mixed metal/oxide (Mo or TiN with TiO2) electrodes have been pro-
posed [16, 24] with the aim of enhancing both the ionic and electronic conductivity
of the electrode. Although theoretically such electrodes should simultaneously en-
hance both the transport of Na+ and e−, the results reported up to now show
that the power obtained is slightly smaller than the one obtained for TiN elec-
trodes [16]. Nevertheless, another advantage of the metal/oxide electrodes is that
in comparison to RhW electrodes, they are inexpensive.

3. AMTEC test facilities at KIT. The experimental investigations and
development of AMTEC cells have been recently restarted at KIT in the frame
of two research projects, the Helmholtz alliance on LIquid Metal TECHnology
(LIMTECH) and Helmholtz Energy Materials Characterization Platform (HEMCP).
The experimental program is focused on short term tests and long term tests of
AMTEC cells, as well as on tests of innovative materials for AMTEC cells in hot
sodium environment. The short term tests are planned to start by the end of 2015
in the Amtec TEst FAcility (ATEFA) at KIT. A detailed description of the facility
and of the research projects is given in [28, 29]. Long term tests are planned in
parallel in another facility presently at the beginning of the construction phase at
KIT. The experimental test campaign planned in the ATEFA facility is focused
on AMTEC key issues, such as the tests of BASE ceramics, electrode materials,
and stability of ceramic-metal interfaces.

4. Structural analysis of the AMTEC test cell. One of the critical is-
sues related to an AMTEC cell is the BASE-metal interface. During operation,
the BASE expands due to a thermal gradient that can reach up to several hundred
◦C. Since the BASE is connected to a metallic part, the BASE-metal interface
is severely stressed by the thermal and mechanical stresses induced in this re-
gion. Many authors, including Heinzel et al. [1], report the crack of the BASE
and suggest that the demanding operating conditions (high temperature, large
temperature gradient across the BASE) induce severe stresses in the BASE that
lead to its failure. Unfortunately, just a few studies can be found in the literature
regarding the stress distribution in an AMTEC cell. These aspects motivated the
structural analysis of the AMTEC test cell developed at KIT. The numerical anal-
ysis has been performed using the ANSYS V14.5 software. The cross-section of
the cell is displayed in Fig. 2a To decrease the computational time, the numerical
model considers only a 1/8 slice of the cell, with symmetry conditions applied on
the lateral sides.

For the test cell, the BASE is connected to a metallic tube through a transition
piece made of niobium (Nb). In the model, nickel has been considered for the welds
of the transition piece.
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The numerical model for the stationary state considers the steady-state ther-
mal block for the determination of the temperature distribution and two steady
state structural blocks, one for the entire cell and a sub-model for a finer discretiza-
tion of the steel-Nb-BASE region. A grid study has been performed for each anal-
ysis block and grid-independent results have been obtained as follows: for the ther-
mal block, constant temperature profiles were obtained with a grid of ∼0.13× 106

nodes; for the global structural block, a structural error of ∼0.25× 10−5 mJ was
obtained for a grid consisting of ∼0.8× 106 nodes, while for the sub-model, a
structural error of ∼0.8× 10−6 mJ was attained with a grid of ∼2.3× 10−6 nodes.

The structural analysis in the stationary state has been performed for the
nominal operating conditions planned, considering the relevant parameters at their
extreme range. The sodium temperature on the inner side of the BASE was set to
1000◦C and the temperature of the condenser was set to 250◦C, while a pressure
gradient of 0.2MPa was considered across the BASE. For the welds, the maximum
shear stress theory was considered to determine the safety factors. The maximum
shear stress in the upper weld of the metal-Nb joint was 9.1MPa, corresponding
to a safety factor of 4.3, while the maximum shear stress in the bottom weld
(Nb-BASE interface) was 4.8MPa, corresponding to a safety factor of 8.2. The
maximum von-Mises stress in the transition piece reached 21.6MPa (see Fig. 2b),
which corresponds to a safety factor of 6.4, considering the von-Mises effective
stress theory. The maximum principal stress in the BASE was 1.83MPa, for
which the safety factor was 15, considering the Mohr-Coulomb theory for brittle

Na outlet

BASE

Na inlet

Metallic

pipe

Nb joint

Condenser

(a) (b)

Fig. 2. (a) ANSYS model of the experimental AMTEC test cell. (b) Stress distribution
in the transition piece at ∆P = 0.2MPa and ∆T = 750◦C.
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materials. Under these conditions, no material failure should occur in the test cell,
since all safety factors determined are sufficiently large above unity. The upper
welding between the transition piece and the metallic tube was determined to be
the weakest component in the cell, due to the difference in the thermal expansion
of the materials.

5. Conclusions. The use of an AMTEC cluster with ∼30 000 BASE elements
for a CSP plant coupled with a thermal storage tank can be achieved for an electri-
cal output up to about 2MWe if a robust AMTEC design can be attained able to
operate on a long time basis at a current density of ∼1–1.5A/cm2 without a large
power loss. Further investigations should be made to appropriately estimate the
real electric power delivered by a cluster of AMTEC cells, considering in parallel
the long time power behaviour. For the assessment of the economical feasibility of
using AMTEC clusters in an A&CP plant, the next step is the evaluation of the
averaged lifetime levelized cost of electricity (LCOE).

The main open issue concerning the ceramic is the investigation of the critical
current density at the temperature range considered for an A&CP plant.

Regarding the materials for the electrodes, due to the rapid power loss that
occurs at rather low temperatures, Mo and TiN electrodes are not optimal choices
for AMTEC clusters in an A&CP plant. Furthermore, Mo reacts chemically with
sodium, which is an undesired effect. Ceramic electrodes such as TiC, TiB2,
and NbN have probably the best adequate properties for the use in an A&CP,
exhibiting very good electrical performances, no chemical reaction with the BASE
and sodium, and affordable costs. Nevertheless, appropriate investigations should
be performed to determine their lifetime. Although RhxW electrodes have very
good electrical properties, their main drawback is related to their high cost. The
metal/oxide electrodes are cheaper than RhxW and have rather similar electrical
performances. Therefore, they are good candidates as electrodes.

The AMTEC test cell has been numerically investigated with respect to its
mechanical behaviour. The distribution of the stresses has revealed that the design
made is safe and that no material failures should occur in the operating range
considered. Further, the location of the highest stresses has been identified to
be the region of the steel-Nb joint, due to the difference in thermal expansion
coefficients.
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