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Background 

In 1962, during early stages of work on 
the sodium-sulfur battery, J. T .  Kummer 
at the Ford Motor Conipany Scientific 

Thermoelectric Energy Conversion 
with Solid Electrolytes 

Terry Cole 

Direct conversion of heat energy to 
electrical energy-that is, conversion 
without the use of moving mechanical 
parts-has both aesthetic and practical 
appeal. Several devices (I) for thermo- 
electric direct conversion have been de- 
veloped. The Seebeck effect, thermion- 
ic, and magnetohydrodynamic genera- 
tors are familiar examples. None of these 

with the well-known heat engines in 
which a working fluid is carried around a 
thermodynamic cycle. They are Carnot- 
limited in efficiency. Many types of 
TRES were investigated in the 1950's 
and 1960's in the search for improved 
methods of converting the thermal out- 
put of nuclear reactors to electrical pow- 
er.  

Summary. The alkali metal thermoelectric converter (AMTEC) is a device for the 
direct conversion of heat to electrical energy. The sodium ion conductor betau- 
alumina is used to form a high-temperature regenerative concentration cell for 
elemental sodium. An AMTEC of mature design should have an eff~ciency of 20 to 40 
percent, a power density of 0.5 kilowatt per kilogram or more, no moving parts, low 
maintenance requirements, high durability, and efficiency independent of size. It 
should be usable with high-temperature combustion, nuclear, or solar heat sources. 
Experiments have demonstrated the feas~bility of the AMTEC and confirmed the 
theoretical analysis of the device. A wide range of appllcatlons from aerospace power 
to utility power plants appears possible. 

direct converters has been widely adopt- 
ed because of practical problems such as  
parasitic heat loss or lack of a critical 
material with the physical properties 
necessary for high efficiency and good 
durability. 

Among the less well known direct 
thermoelectric converters are the ther- 
mally regenerative electrochemical sys- 
tems (TRES). These devices are closed 
electrochemical systems which include 
electrochemical cells that produce elec- 
trical power. The reactants for these 
cells are regenerated within the device 
by thermal energy from a heat source 
which flows through the device to a heat 
sink. TRES have also been called elec- 
trochemical heat engines, by analogy 
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All of the early TRES were plagued by 
practical problems such as inefficient 
heat exchange, electrode polarization, 
slow chemical regeneration kinetics, ma- 
terials separation problems, and corro- 
sion. Power densities of these early sys- 
tems were usually limited to a few tens of 
milliwatts per square centimeter of elec- 
trode area, and thermoelectric efficien- 
cies were below 5 percent. A compre- 
hensive review of TRES has been pre- 
pared by Chum and Osteryoung (2). The 
development of beta-alumina solid elec- 
trolytes has made possible a new TRES, 
the alkali metal thermoelectric convert- 
er,  which is capable of high power and 
high efficiency and avoids the practical 
difficulties of the earlier systems. 

Laboratory conceived the thermally 
powered sodium concentration cell, 
based on the unique electrical properties 
of beta-alumina solid electrolyte. Kum- 
mer and his colleague N.  Weber experi- 
mentally demonstrated the feasibility of 
such a device and obtained a patent on it 
in 1968 (3). Shortly after issuance of the 
patent, Weber began research on the 
new thermoelectric converter in collabo- 
ration with T .  Cole and T .  K. Hunt. This 
new device has come to be called the 
sodium heat engine (SHE) or, somewhat 
more descriptively, the alkali metal ther- 
moelectric converter (AMTEC). It is the 
first TRES with efficiency and power 
density high enough to be competitive 
with conventional heat engines. Several 
reports describing work on the AMTEC 
or  S H E  have appeared (4-9). The device 
is currently being investigated by groups 
at the Ford Motor Company, Jet Propul- 
sion Laboratory, and General Electric 
Company. 

The critical material in the operation 
of the AMTEC is betav-alumina, a mem- 
ber of the class of materials known as 
solid electrolytes or fast ion conductors 
(10, 11). These materials have ionic con- 
ductivities much larger than their elec- 
tronic conductivities and thus can act as  
permselective barriers in electrochemi- 
cal devices. Betau-alumina solid electro- 
lyte (BASE) is a transparent crystalline 
solid melting at  2253 K ,  has the nominal 
composition Na513Lii~3A13213017, and is 
usually fabricated as a dense microcrys- 
talline sintered ceramic. It is inert to 
reaction with elemental sodium at tem- 
peratures as high as  1300 K.  Its NaC 
conductivity at 1000 K is 0.7 ohm-' 
cm-I. 

The unique electrical properties of 
BASE arise from its crystal structure, 
which consists of extended layers of 
aluminum oxide separated by layers con- 
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Fig. I (left). Unit cell of betau-alumina (10). 
The stabilizing ions for this structure such as 
Li+ and Mg2+, which reside in the aluminum- 
oxygen spinel layers, are not shown here. The 
planes A ' ,  B', and C' are conduction planes. 
The sodium sites are shown completely occu- 
pied. Fig. 2 (right). Schematic diagram 
illustrating the thermodynamic cycle of the 
AMTEC. 

taining only sodium and oxygen ions. 
Figure 1 shows a view o f  the unit cell 
structure of  betau-alumina. The symme- 
try and spacing of  the close-packed 02- 
ions above and below the Na' planes 
produce a low activation energy barrier 
for jumping o f  Na' from one site to the 
next, with the result that there is rapid 
diffusional motion of  sodium ions in 
these planes. Sintered polycrystalline 
BASE in shapes such as tubes and plates 
is available commercially (12).  

Principles of Operation 

The operating cycle o f  the AMTEC is 
illustrated diagrammatically in Fig. 2. A 
closed vessel is divided into two regions 
by a separator o f  BASE and a pump. 
Liquid sodium fills the upper region, 
which is maintained at a temperature T2 
in the range 900 to 1300 K by an external 
heat source. In this temperature range 
the vapor pressure o f  sodium is 0.05 to 
2.5 atm (5.0 x lo3 to 2.5 x lo5 Pa). The 
lower region, containing mostly sodium 
vapor and a small amount o f  liquid sodi- 
um, is in contact with a heat sink at T I  in 
the range 400 to 800 K ,  which produces a 
sodium vapor pressure range o f  to 
lo-* atm ( low4 to lo3 Pa). A porous 
electrode covers the low-pressure side o f  
the BASE separator. Electrical leads 
making contact with the porous elec- 

trode and the high-temperature liquid 
sodium exit through the wall o f  the de- 
vice. Nearly all o f  the temperature drop 
across the AMTEC occurs in the low- 
pressure vapor space. A liquid return 
tube and an electromagnetic pump recir- 
culate the sodium working fluid through 
the AMTEC to complete the cycle. 

At the beginning o f  the AMTEC cycle, 
sodium at temperature TI  from the con- 
denser enters the hot zone and absorbs 
externally supplied thermal energy until 
it reaches T2. The temperature-generated 
pressure (chemical potential) differential 
across the BASE forces Naf  ions in the 
solid toward the low-pressure surface. 
Since BASE will conduct sodium only as 
Naf  ions, the reaction 

Na(1iquid) -t electron + [NaA]BASE 
( 1 )  

occurs at the liquid sodium-BASE inter- 
face when sodium flows. The symbol 
[NaL]BASE indicates a sodium ion in 
the conduction plane o f  betau-alumina. 
Figure 3 illustrates the molecular pro- 
cesses that occur across the BASE mem- 
brane and indicates the four interfaces at 
which sodium pressure controls the op- 
eration o f  the device. At open circuit, 
Nai ions are driven by thermal kinetic 
energy toward the low-pressure BASE 
surface, causing this surface to acquire a 
net positive charge. The electric field in 
the BASE builds up until it is strong 

enough to stop the flow of  N a f .  The 
open-circuit voltage V,, is given by the 
Nernst equation for a concentration cell 

V,, = R T ~ F - '  ln(P2/P4) (2) 

where R is the gas constant, F 1s the 
Faraday, P2 is the vapor pressure o f  
sodium at T 2  (13),  and P4 is the sodium 
pressure at the BASE-porous electrode 
interface. When the current density i 
across the BASE is zero, P4 can be 
shown (6 )  to be related to the sodium 
vapor pressure PI  at the condenser sur- 
face by the expression 

When the external circuit is closed, 
electrons flow through the load, neutral- 
izing sodium ions at the BASE-porous 
electrode interface, reversing Eq. 1 .  So- 
dium atoms absorb their heat o f  vapor- 
ization, leave the porous electrode, 
move through the vapor space, and re- 
lease their heat o f  condensation on the 
condenser surface at T I .  The voltage 
developed across the BASE separator 
forces electrons to flow to the porous 
electrode through the load, producing 
electrical work. The initial and final 
states o f  a mole o f  sodium passing across 
the BASE from the high-pressure side to 
the vapor space are equivalent to an 
isothermal expansion from P2 to P4 at T2. 

Current-Voltage Relation 

A current-voltage relation for the AM- 
TEC can be derived from Eq. 2. In this 
derivation we assume that the solid elec- 
trolyte is isothermal and that sodium 
vapor behaves as an ideal gas on the low- 
pressure side of  the BASE. These ap- 
proximations produce errors in the pre- 
dicted voltage o f  less than 0.05 V under 
normal operating conditions. As current 
flow increases, the voltage decreases 
from V,, because o f  two effects: (i) an 
iRB drop occurs across the ionic resist- 
ance o f  the BASE, AB, and (ii) the pres- 
sure at the electrode-BASE interface in- 
creases to drive sodium vapor through 
the electrode and across the vapor 
space. 

I f  there is negligible resistance to sodi- 
um vapor flow in the porous electrode 
(P3 = P4),  a simple relation can be de- 
rived between the current density, i, and 
the .effective sodium pressure at the 
BASE-porous electrode interface (P4) 
by using the Langmuir assumption that 
the rate o f  transport from a surface into a 
vacuum, n (moles per second per square 
centimeter), and the vapor pressure, p ,  
o f  the evaporating material are linearly 
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related by p = ~ ( ~ T M R T ) " ~ ,  where M is logarithmic term in Eq.  5 is small in circuit current density and having a point 
the atomic weight. The rate of transport comparison to the A and iRB terms if of maximum specific power at  approxi- 
of sodium from interface 4 due to the i > 0.1 A ~ m - ~ ,  curves of specific power mately half of the short-circuit current 
electrochemical current is n = iiF. Thus plotted against i are nearly parabolas, density. The maximum specific power is 
the total effective pressure at interface 4 passing through i = 0 and i = the short- a function of T2, TI, and BASE thick- 
when current flows 

where X = ( ~ T M R ~ " ' .  Substituting this 
expression for P4 in Eq.  2 and subtract- 
ing the ohmic voltage drop across RB,  
the resistance of the BASE, we find 

between the cell voltage, V, and its cur- 
rent density. The quantity 6 =  
P 1 F ( 2 ~ M R T 1 ) - 1 ' 2  represents P4(i = O), 
the pressure at the electrode due to evap- 
oration of sodium from the condenser. 
Under normal operating conditions with 
i > 0.01 A ~ m - ~ ,  TI < 500 K ,  and 
T2 > 800 K, 6 can be neglected when 
using Eq.  5. Numerical values of the 
coefficients in Eq.  5 can be calculated 
from the thermodynamic properties of 
sodium (14) and the thickness and resis- 
tivity of BASE (15). 

Examples of voltage versus current 
density calculated from Eq. 5 are shown 
as dashed curves in Fig. 4 for Tz = 983, 
1078, and 1 177 K, assuming TI = 500 K. 
The BASE thickness for calculating 
these curves was 0.08 cm. The assump- 
tions made in the derivation of ECI. 5 are 
that (i) there is no pressure drop across 
the porous electrode, (ii) the sheet elec- 
trical resistance of the porous electrode 
is zero, and (iii) the BASE separator is 
isothermal at  T2. These conditions have 
been closely approached in experimental 
devices. Examples of three experimental 
voltage-current density plots are shown 
as solid curves in Fig. 4 for comparison 
with predictions from Eq.  5. The volt- 
ages obtainable from the AMTEC are 
comparable to  those from common gal- 
vanic cells, while the current densities 
are an order of magnitude larger. The 
high current density of the AMTEC is 
due to the high exchange current density 
present a t  Na-BASE interfaces (15, p. 
95). 

Sodium pressure 
( a c t i v i t y )  

Fig. 3. Microscopic processes occurring in the solid electrolyte and at its interfaces. Although 
the sodium conduction planes of the BASE are shown crossing the separator without a break 
(single-crystal BASE), actual separators are polycrystalline sintered ceramics. 

Power Density 

In many applications the power densi- 
ty (power-to-weight ratio) is an impor- 
tant parameter for energy converters. 
The power density in an AMTEC is 
determined primarily by the specific 

L '-.. --------- Theoret ica l  '. 

A 

- 

- 

power (watts per square centimeter of Current density ( A  crnm2) 
For an the Fig. 4. AMTEC voltage-current density curves. Dashed curves are predictions of Eq. 5 with T,  

specific Power is given by the product as shown and BASE 0.08 cm thick. Solid curves are experimental voltage-current density data. 
Vi, V being given by Eq. 5. Since the Dotted curves are contours of constant power in the i,V plane. 
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T = 4 2 3  K 

T2 " 6 7 3  to 1 2 7 3  K 

B a s e = 0 . 1 3  cm thick 

\Maximum power curve 

Current density (A ~ m - ~ )  

Fig. 5. Calculated 
curves of efficiency 
versus current densi- 
ty for an AMTEC 
with no conductive or 
radiative parasitic 
losses (Q = 0). The 
curve cutting through 
the family of efficien- 
cy curves diagonally 
passes through the 
point of maximum 
power for each effi- 
ciency curve. 

ness. Theoretically, for a given TI and 
TZ, maximum specific power is inversely 
proportional to the BASE thickness. 
Thus thinning the BASE could increase 
specific power. To  date, specific powers 
as  high as  1.1 W cm-* have been 
achieved with BASE 0.08 cm thick; a 
specific power of - 3 W cm-2 appears 
achievable by thinning the BASE and 
corrugating its surface. The specific 
power of the AMTEC is much larger 
than that of conventional electrochemi- 
cal power sources such as  batteries and 
fuel cells. 

Actual power densities realized in an 
AMTEC power system will depend on 
the specific design concepts; however, a 
rough estimate, based on a simple con- 
centric cylindrical design can be made as  
follows. The mass of the BASE separa- 
tor 0.12 cm thick and 1 cm2 in area is 0.39 
g; thus, tlhe power density of BASE 
alone (the mass of the porou? electrode 
is negligible) is 3.6 kWlkg at the maxi- 
mum power point for T2 = 1200 K and 
TI = 500 K.  The low vapor pressure of 
sodium in the range 800 to 1300 K means 
that heavy metal walls are not required 
for the AMTEC. It should be possible to  
keep the mass of the condenser, high- 
temperature heat exchanger, and sodium 
pump to about five times the mass of the 
BASE, giving a power density, exclud- 
ing the heat source, of 0.6 kWikg. 

Efficiency 

The efficiency of the AMTEC under 
load is the specific output power of the 
electrode divided by the total heat input 
required per square centimeter of elec- 
trode. The input heat consists of four 
terms, three of which are proportional to  
current density: 

1) The heat input to  raise liquid sodium 
with average molar specific heat Cp = 

30 JIK per mole from TI to  T2, 
iCp(T2 - TI)F-'; 

2) The heat to  vaporize the sodium, 
~LF-I, where the heat of vaporization 
L = 89 kJ per mole; 

3) Thermal energy equal to the electri- 
cal power output, iV; and 

4) Parasitic heat losses, Q. 
In this calculation, the power required 

to  recirculate the sodium can be neglect- 
ed compared to the work output because 
the pump works on a virtually incom- 
pressible liquid whose molar volume is 
small compared to the molar volume of a 
gas. Thus the efficiency, q, is given by 
the expression 

Vi ' = i{V + [L + Cp(T2 - TI)]F-I} + Q 

(6) 
where Q is composed of two terms: Q, 
due to  heat conduction from the hot 
region through the output current leads 
and supporting structure for the BASE, 
and Qr due to radiative heat loss from the 
porous electrode surface through the va- 
por space to  the condenser. The Q, term 
is determined by the dimensions and 
thermal conductivities of the electrical 
leads and structural members of the de- 
vice, and Q, is determined by the emis- 
sivities of the porous electrode and con- 
denser surfaces and the geometric con- 
figuration of the device. Neither Q, nor 
Qr is prescribed by thermodynamics, 
and they may, in principle, be reduced to 
values small compared with the other 
terms in the denominator of Eq.  6. 

By letting Q = 0 in Eq.  6 we obtain an 
expression for the maximum efficiency 
achievable from the AMTEC for a given 
T2, TI BASE thickness, and current den- 
sity. We refer to this as the electrode 
efficiency. Figure 5 shows a family of 
curves for electrode efficiency versus 
current density over a range of T2 with 
TI = 500 K. If Q can be made smaller 

than the other terms in the denominator 
of Eq.  6 so that the efficiency closely 
approaches the curves in Fig. 5, the 
AMTEC will be competitive with all of 
the well-known heat engines. 

The operating efficiency of an AM- 
TEC with porous electrode area S and 
two electrical leads, each having an elec- 
trical resistance R I  and thermal conduc- 
tance KT, is 

(7 )  
where 

Qc = KT(T2 - ~ 1 ) s - I  

Qr = u ( ~ ~ ~  - T ~ ~ ) Z - '  

vo = LF-I 

Here u is the Stefan-Boltzmann radiation 
constant and Z is a radiation reduction 
factor which depends on the emissivities 
of the porous electrode and condenser 
surfaces as well as geometric view fac- 
tors. Methods for calculating Z are given 
in textbooks on heat transfer (16). 

If the porous electrode and condenser 
surfaces exchanged radiative energy at  
rates comparable to those of ideal black- 
body surfaces, the maximum efficiency 
of the AMTEC would be less than 10 
percent. However, in normal operation 
the condenser surface will be covered 
with a film of condensing liquid sodium 
whose reflectivity in the infrared is more 
than 98 percent. If the surface of the film 
is smooth and specular, the radiative loss 
can be as much as a factor of 50 below 
blackbody emission even if the porous 
electrode is an ideal emitter. To  take 
advantage of the high specular reflectiv- 
ity of the sodium condensate, the shape 
of the condenser surface must be de- 
signed to reflect all of the radiation ema- 
nating from the porous electrode back to 
the porous electrode. Laboratory work- 
ing models have Z factors in the range 10 
to 15, which, a t  T2 = 1200 K, means 
(2, = 1 W cm-*. Putting a radiation 
shield between the porous electrode and 
the condenser would reduce Q, substan- 
tially, but since the sodium vapor must 
traverse the same space as the radiative 
flux, the radiation shield would also lead 
to an increase in pressure at  the porous 
electrode and thereby a reduction in cell 
voltage. 

Figure 6 shows curves of efficiency 
versus specific power calculated from 
Eq.  7. Curve A is for a single AMTEC 
with T2 = 1200 K and TI = 500 K ,  
Z = 20, and a BASE thickness of 0.1 
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cm. Curve B shows the effect of increas- 
ing Z to 50. The value of RI  was opti- 
mized at each point along the curves to  
give the best efficiency. Each curve 
shows a point of maximum specific pow- 
er and a point of maximum efficiency. 
The normal operating power range of 
the AMTEC would probably be select- 
ed to  be in the region between these 
points. 

Even though the efficiencies of curves 
A and B in Fig. 6 are impressive when 
compared to the 5 to 10 percent efficien- 
cies of Seebeck effect thermoelectric 
generators, they can be improved still 
further by modifying the design to re- 
duce the parasitic heat conduction 
through the electrical leads. Shrinking 
the cross-sectional area of the leads of a 
single AMTEC cell decreases the con- 
ductive heat leak Qc but concomitantly 
increases the ohmic lead loss 2 i 2 s ~ , ,  
since the electrical resistivity, p, and 
thermal conductivity, KT, of metals are 
linked by the Wiedemann-Franz rela- 
tion, KTp = constant. 

This tradeoff between thermal con- 
ductive and ohmic losses, which limits 
the efficiency of Seebeck effect genera- 
tors, can be avoided with the AMTEC by 
means of a series connection of several 
cells, which are all a t  T2 and which share 
a common pair of output leads. Series 
connection of N cells reduces the value 
of Qc to Q,N-' per unit electrode area of 
the series-connected stack. Efficiency 
curve C of Fig. 6 shows the effect of 
connecting four cells in series and im- 
proving the Z factor to  a value of 50. 
Curve C appears to  be an attainable 
intermediate-term performance goal for 
the AMTEC. Series connection of more 
than four cells will not yield large ef i -  
ciency gains. 

Experimental Work 

Experimental work on the AMTEC 
has been focused on two topics: (i) the 
structure and electrical performance of 
the porous electrodes and (ii) the design, 
construction, and testing of small work- 
ing models. 

Early work at Ford showed that the 
BASE was durable and trouble-free in 
the AMTEC even though the operating 
temperature was up to 700 K higher than 
that in the sodium-sulfur battery. The 
porous electrode, however, was found to 
require very careful attention. A high- 
performance electrode must (i) have 
good electrical conductivity, (ii) make a 
strong physical bond with low contact 
resistance to BASE, (iii) be highly per- 
meable to  sodium vapor, (iv) resist cor- 

Base = 0.12 cm thick 
A B C  

Z 2 0  2 0  5 0  
N 1 4 4  

0.0 I 1 I 1 I 1 I 

0 0.4 0.8 1.2 

Specific power (Wlcm) 

Fig. 6. Theoretical curves of operating effi- 
ciency (including parasitic losses) calculated 
from Eq. 8. The lead resistance R ,  was opti- 
mized at each point on the curves to give the 
highest efficiency. Curve A is for a single 
AMTEC cell with radiation reduction factor 
Z = 20. Curve B is for a single AMTEC cell 
with Z improved to 50. Curve C is for four 
cells series-connected with Z = 50 for each 
cell; it shows the efficiency improvement pos- 
sible through series connection to reduce con- 
ductive thermal losses. 

rosion by sodium, and (v) have a low rate 
of evaporation at  1300 K. These require- 
ments are so  restrictive that they rule out 
all but a few refractory metals and metal 
alloys. 

Many electrodes of different composi- 
tion have been deposited by a variety of 
techniques. T o  date, molybdenum and 
molybdenum-titanium alloy electrodes 
about 1 to  3 p,m thick have been found to 
give an initial electrical performance 
closest to  the theoretical predictions for 
an ideal electrode. Pure molybdenum 
can be deposited as  a porous electrode 

Fig. 7. Cross-sectional view of 
a recently tested self-con- 
tained recirculating AMTEC. 

by chemical vapor deposition, while 
magnetron sputtering can produce either 
pure or alloy electrodes. 

Electrochemical measurements on 
candidate electrode materials are made 
by depositing small patches (- 1 cm2) of 
candidate materials on a closed-end 
BASE tube. The tube is fitted with an 
internal electrical heater and the annular 
space between the heater and BASE 
filled with sodium. The electrode bearing 
tube is mounted inside a high-vacuum 
chamber after electrical leads are at- 
tached to the test electrode. 

The i-V curves of freshly prepared 
electrodes are close to  theoretical curves 
for ideal electrodes as shown in Fig. 4. 
However, all electrodes show a gradual 
drop in specific power output with time 
at high temperature. The rate of specific 
power loss with time increases with T2 
and varies with the porous electrode 
material and conditions of deposition. At 
a given T2, specific power varies in time 
roughly as  exp(-at) + constant, where 
a is the degradation rate constant and t 
the time. An asymptotic power level of 
115 to 112 of the initial specific power is 
approached in extended tests. Transient 
electrochemical measurements indicate 
that the drop in voltage which occurs 
during electrode degradation is due to  an 
increase in sodium flow resistance in the 
electrode. The flow resistance increase 
may be due to loss of pore area with 
sintering of the metal grains or loss of a 
high-permeability surface coating within 
the pores. By using refractory alloys 
such as  Mo-Ti and metal-betau-alumina 
composite electrodes, degradation times 

H e a t  
input 

I 

E l e c t r o -  
magnet ic  
pump 
( 1  cm3/hour-A) 

. H e a t e r  w e l l  

Sodium 
(work ing  f luid)  

S e c t i o n  A-A 
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(a - ' )  of - 2000 hours at a temperature of 
1073 K have been achieved (17). Devel- 
opment of porous electrodes with a long 
life and high specific power is the most 
pressing technical issue for the AMTEC 
at present, and it is a current focus of 
AMTEC research. 

Several AMTEC working models have 
been built and tested. Figure 7 shows a 
cross-sectional view of a cylindrical AM- 
TEC cell recently tested by the Ford 
group (7). In this design the structure 
supporting the BASE tube also serves as 
the negative electrical lead. The device 
was powered by an electrical resistance 
heater and cooled by air convection. The 
BASE tube was 1.5 cm in diameter and 
30 cm long, and the condenser was 6.2 
cm in diameter and 50 cm long. When 
heated so as to simulate series-connect- 
ed operation, 22 W of electrical power 
was produced by a thermal input of 115 
W for a thermal efficiency of 19 percent 
( 7 ) .  

A recent study (8) of the AMTEC as a range of a vehicle with a conventional 
replacement for the Si-Ge thermocou- 
ples of radioisotope thermoelectric gen- 
erators, such as  those now powering the 

internal combustion engine. The AM- 
TEC could be adapted to burn any type 
of gaseous, liquid, or solid fuel. Emis- 

Voyager spacecraft, shows that an im- 
provement of a factor of 2 to 4 in power- 
to-weight ratio can be obtained with the 

sion control would be much easier for 
the ambient-pressure continuous com- 
bustion of the AMTEC than for the tran- 

new device. sient combustion of an internal combus- 
tion engine. The question of safety posed 
by the AMTEC's liquid sodium should 

The power output and parasitic losses 
in the AMTEC are proportional to  the 
surface area of the electrode. Thus the be solvable because the amount of sodi- 

um would be small enough to protect or 
manage in an accident. It should be 
possible to  build a 20-kW AMTEC with 
an inventory of less than 500 g of sodi- 
um. 

efficiency is, to a first approximation, 
independent of the size of the device. By 
virtue of this scaling law, the AMTEC 
lends itself to modular construction of 
power-generating systems. Units of a 
size convenient to  manufacture, say 10 
to 100 kW, could be made as  modules 
and interconnected as an array for larger 
power systems. 

Conversion of solar to electrical ener- 
gy for a residential total energy system 
with the AM'I'EC at the focus of a track- 
ing parabolic dish was recently evaluated 
by Subramanian and Hunt (18). They This size-independent efficiency rec- 

ommends the AMTEC as a means for 
locally generating electrical power from 

found the cost and weight per kilowatt of 
the AMTEC to be substantially less than 

chemical fuels in total energy systems those for the heat engines and electro- 
(cogeneration). Widespread local gener- 
ation could bring about substantial ener- 
gy and capital savings relative to the 

magnetic generators now being tested for 
solar-to-electric conversion. 
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