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'cross sectional area of thermoelectric material -

. cross— sectional area ‘of heat exchanger passage = bW;

cross-sectional arearof cold water pipe'é-ﬂdc/A',~-

height of heat exchanger flow passage _;;,

fluid . (water) Specific heat

diameter of cold water pipe

‘friction factor in cold water pipe

frictiOn factor in- heat exchanger flow'passage

mass flow rate in. the heat exchanger flow passagel*'bW

: acceleration of gravity "

heat transfer coefficient at fluid/heat exchanger interface -

electrical current in thermoelectric device

efficiency of thermoelectric material as. fractlon of Carnot efficiency _f

"thermal conductivity of thermoelectric material

'.effective thermal conductivity of thermoelectric material (see Ap-
pendix)’. ‘ : S : -

.thermal conductivity of the heat exchanger plate material
o length of thermoelectric material in an elementary devtce

hp length of heat exchanger flow passage in flow direction

length of cold water pipe

mass flow rate in heat exchanger flow passage

total’mass flow rate of cold water

total number of’ flow passages in the heat exchanger

o number of generation units

1oca1 electrical power generation per unit base area of heat exchanger

‘ :electrical power generated by a- flow channel |
f:power required to pump fluid through a flow passage _
‘power required to. pump fluid thrOugh the cold water pipeiy‘
'fhnet electrical power produced by the system -} '
_fmaximum value of P (wrt G) per unit heat exchanger plate areal E
«fluid Prandtl numher C]J"._Z[[f . '; ﬂ}ml-f lciffbjﬁ

“-.heat flux in thermoelectric device
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heat transferred per unit area from hot fluid to cold fluid
electrical resistance of thermoelectric device

!
thermal resistance from the fluid to the thermoelectric material (in-
cluding plate resistance and fouling)

thermal resistance of the thermoelectric material including Peltier
resistance

Réynoldsknumber iﬁ heat exchanger flow éassage
thickness of héat exchanger plate

thickness of thermoelectric material

cold juﬁctidn temﬂerature of the thermoelectric

hot junction temperature of the thermoelectric

A femperature of the hot fluid

temperature of the cold fluid
thermal conductance from the hot fluid to the cold fluid

. voltage generated by an elementary thermoelectric device

width of heat exchanger flow passage

Seebeck coefficient of thermoelectric material
fraccidp qf area covered by thermoelectric material
heat'exchdﬁgef efféctiveness‘parameter (Eq. 12)
electrical condpctivity of thermoelectric material
Carnot efficténcy

efficiency'of water pumps

fluid viscosity

fluid density

A(Tep1d) ~ PTheoe)

vi
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ABSTRACT’

A novel thermoelectric OTEC concept is proposed and compared with the ammonia
closed-cycle designs. The thermoelectric OTEC is a much simpler system which
uses no working fluid and therefore requires no pressure vessel, working fluid
pumps, or turbogenerator. These components are replaced by power modules
which are heat exchangers integrated with thermoelectric generators. '

The thermoelectric OTEC offers several potential advantages including: sim—
pler and more easily mass—produced components; higher reliability systenm
performance through the use of a high level of redundancy and long-lived,
solid-state thermoelectric generators; greater safety for crew and environment
by elimination of the pressurized working fluid; and the possibility of lower
system costs. : -

These comparisons are discussed and plans for future work are presented in the
paper.
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SECTION 1.0

INTRODUCTION -

Over the past few decades, the art and science of thermoelectric energy con-
version has gradually evolved'té a high level of performance. Thermoelectric’
generation has become the preferred method for producing electric power where
reliability and maintenance-free operation are essential. Radioisotope-heated
thermoelectric generators power orbiting satellites, remote vradio transmit-
ters, space prohes (Pioneers 10 and 11 and Viking Mars Landers), deep  sea
sonar sounding buoys, etc. Fossil-fueled thermoelectric generators provide
reliable cathodic corrosion protection for remote pipelines, bridges, etc.,
‘and large-scale industrial thermoelectric rnollng is becoming a commercial
rea11ry in France [1].

The objective of an extensive thermoelectrics R&D program during the 1960s was
to develop materials and systems which were competitive with the steam turbo-
generator. Although this goal was never met and thermoelectric research
suffered a decliune, it is important to recognize thiat thermoelectrics were
judged by a comparison with steam turbines in the temperature range where
steam 1Is most efficient and economical. For much lower temperature heat
sources, . steam turbinés are much less efficient and economical, and mass-
produced thermoelectric geunerators can compete very favorably.

A major reservation about thermoelectric devices during the 1960s was degra-
dation of the materials and bonds under high temperature thermal cycling. This
problem does not exist at Jlow temperatures such as those encountered in the
thermoelectric OTEC. Low temperature thermoelectric devices have exhibited 35
year mean time betw=en failures [2].

New materials now being developed by the thermoelectrics landustry exhibit
energy conversion efflciencies far superior to presently available therwoelec-
tric materials. These new materials may represent a wmajor improvement in
thermoelectric technology and may offer possibilities for numerous new appli-
cations. The thermoelectric OTEC is one such new application that has been
proposed by the authors and is now undergoing preliminary evaluation at SERI.
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SECTION 2.0

DISCUSSION

2.1 BASIC PRINCIPLES

The thermoelectric OTEC is a simple system that uses a thin layer solid-state
generator rather than a working fluid. Coasequently, no evaporator, conden-—
sor, working flufd pump, pressure vessel, or turbogenerator is required (Fig.
2-1). A compact heat exchanger is used to transmit heat through the thermo-
electric generator.

Thermoelectric generation makes use of a bulk phenomenon--the Seebeck effect
(the same phenomenon that makes a thermocouple operate). A temperature gradi-
ent across any material tends to drive charge carriers from the hot side to
the cold side and produce a voltage, V, which is proportional to the tempera-
ture difference, AT. The proportionality constant, the Seebeck coefficient, is
a characteristic of the material:

o = & : ‘ @)
For most metals @ is quite small, a few microvolts per degree, but specially
designed semiconductor thermoelectric alloys produce several hundred micro-
volts . per degree Kelvin. Using such materials, thermal energy can be con-
verted to -electrical energy at about 20% of the maximum (Carnot) theoretical
efficiency. '

'Effiqient thermoelectric materials exhibit a high Seebeck coefficient @, high
electrical conductivity 0, and Jow thermal conductivity k. A figure of merit,

Lo

2% )

is a good indicator of a thermoelectric material's performance. Fig. 2-2
shows how Z variles with temperature for the most common commercial thermoelec—
tric materials [3]. Special alloys of bismuth, antimony, tellurium, and
selenium now used in the thermoelectric coolingz industry have Z values as high
as 3.5 x 10°° at room temperature. Notice that the highest figures of merit
occur in the temperature range of interest for OTEC.

New alloys of bismuth, antimony, and tellurium, which are under developmgnt %y
the industry, have recently exhibited reproducible values of Z = x 107

Such materials could provide a conversion cfficiency as high as 30%Z of the
Carnot limit. 1In a thermoelectric OTEC, the use of such an advanced material
could produce a gross conversion efficiency of 2%--an efficiency comparable to
the closed cycle ammonia OTEC. Other new materials such as amorphous semicon-
ductors and organic semiconductors also have promise for achieving high ther-
moelectric energy conversion efficiency in the OTEC temperature range.
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272 'HEAT EXCHANGER AND THERMOELECTRIC GENERATOR

The thermoelectric 'OTEC concept permits the. use of a particularly simple
design for the power module which serves as both heat exchanger and electric
power generator.

Figure 2-3 shows a preliminary design concept for such a module which would
produce about 30 kw (net) in an OTEC with AT = 20 K [4]. If advanced thermo-
electric materials were used, the net outpat from the module could be in-—
creased by about 50%. A 400 MW (net) plant would use about 20,000 such
modules-

The power module. is basically a heat'exchanger of parallel plate design with
the thermoelectric generators sandwiched between the flow channels as shown.
The material of choice in the heat exchanger 1is a copper-nickel alloy which
can provide several advantages:

° exvellent resistance to biofouling,

e low corrosion rate (less than 2.5 x 10 =3 m/yr or 1 MPY [5]),
e high thermal conductivity,

‘e high electrical conductivity, and

e easy fabrication.

Unlike the closed-cycle OTEC designs, the thermoelectric OTEC is forgiving.
For example, a cdrrosion pit which would shut down an ammonia OTEC module
(because of concern for accelerated corrosion and/or scaling) would damage
only a small number of thermoelectric elements; it would not diminish the
power output from the affected power module perceptibly and would not ‘require

~repair. One of thepconsequences of this forgiving design is that only minimal
corrosion tolerances need be used in the heat exchanger. ' '

The thermoeleactric generator device 1s a novel design which makes use of
thick-film technology already well developed in the electronics industry. The
thermoelectric  material could be deposited on the copper base as a paste by
lithographic techniques and fired in place to form a durable coating; a suit-
able pottant could be added to .fill the interstices, and finally the cover
plate could be soldered in. place. -All of these steps are amenable to-automa-
tion.

The,_themoelectric. generator design 1is particularly simple because only a

single  type (thatf is elther n-type or p-type) semiconductor need be used.

.Each themoelectric - generator device will then consist of many identical ther-

_moelectric elements coanected in parallel, and -these devices in turn will be

interconnected in series to- provide a high current, low voltage power mod-—
“ule. Modules can be suitably insulated from each other and connected in

series—parallel arrays as needed to produce the desired system current and

voltage output [4]. -

- The particularly simple design of the thermoelectric power modules suggests
that they may be suitable for large-scale, automated mass production. ' This.
possibility is in contrast o the present tube—in-shell heat exchanger designs
for closed cycle OTEC, which require expensive, labor intensive assembly.

8
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(This early design utilizes a cross—flow, plate and fin heat
exchanger. Later analyses showed that parallel plate heat

exchanger performance was comparable.)
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2.3 ENVIRONMENT AND SAFETY

The ammonia closed-cycle OTEC poses several safety and environmental risks
that would not be present with a thermoelectric OTEC. Small, chronic leaks of
ammonia may pose a health hazard to the operating crew and cause accelerated
corrosion and scaling of the heat exchangers. Larger leaks, which would
release large quantities of ammonia before they could he repaired, would be a
serious health hazard, a potential fire and explosion hazard, and have serious
impacts on marine life (particularly in combination with hypochlorite used to
control biofouling).

The thermoelectric OTiC would have none of the hazards of ammonia, but its use
of copper alloy heat exchangers would significantly raise the copper and
nickel ion concentrations near the OTEC plant. These ions are harmful to
certain mollusks. However, a study of the problem has shown that the copper
and nickel ion concentraiions probably would not exceed the EPA standards for
mirine water quality [6].

2.4 HEAT EXCHANGER DESIGN

To determine the performance which could be expected from a thermoelectric
OTEC system, a preliminary performance analysis was made of a simplified
design. Included in the analysis was development of an expression for elec-
trical power output per unit base area of the heat exchanger, selection of the
correct thickness of thermoelectric material, calculation of parasitic losses,
and minimization of costs for a given plant output power.

The heat exchanger considered has parallel flow channels of rectangular cross
section (Figs. 2-3 and 2-4). Cold water and hot water are pumped through
alternate flow channels with thermoelectric material sandwiched between the
channels.

The power output of the thermoelectric module per unit area may be written*
T
L
. o_ _ 3
Pe th(l Th) (3)
The heat transferred from the hot fluid to the cold fluid is

T T Y T, = T
hot cold _ "h L 4)

9h T 7R ¥ 2%, TR

te te

The power output may be expressed in terms of the various thermal resistances
[Eq. 3] by replacing Ty and Th in Eq. 4 and rewriting it as:

*Nomenclature is defined in the Nomenclature section of this report, preceding
the Abstract.

10
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KR, - T -T2

o . te : hot . cold oy
PU= — —— (5 <) 5.
e ) T T . 2R_ + R
. T —.R ( hot cold)». f - te
- “hot ‘£ 2R_ + R
‘ _ - f te
fSince‘the'temperature;differencesjare.small,v
o €=1- cold < L T ey
' hot ' ' '
Equationfs.can'be,lineariaed'to:give R
| KJT“ S I ’
P o= T e (7)

e 2
Co R + 2R /R e) :

The local electric power generation Pe may be max1m1zed by adJusting ‘the
thermal resistance of the thermoelectric to R = ZRF, Oiv1ng

]

| | Kez_T . | - ‘ ) o 4

‘ The power density P is a. function of dlstance along the Flow dlrection w1th1n
4'the passage (T and T ld'vary in the flow- direction) and must be integrated
along . .the flow: gength to determlne power output per flow channel. This calcu~

. lation 1is similar to determinlng heat exchanger effectiveness as-a function of
NTU (number - of transfer units) for a given flow configuration 171]. However
since P" is proportional to the square of "the temperature difference, the,~
calcula?ion of. power generation per flow passage must be carried out for each
. flow configuration, and the results of heat exchanger effectiveness calcula-
tions. are not useful ‘This power generation 'calculation was done for a- paral- .
lel flow and a counter flow arrangement, and the. ‘results show that. ‘NTU for -
‘power generation is" four times that for ‘heat transfer. Therefore ‘the number
of generation units NGU can be defined as ) . C ‘ IR

- 4ULW L . : : B R L
. NGU = “&®RD - o . - o o (9)
C m p f

In addition, for small values ‘of NGU (“l) the flow configuratlon is not impor-
_tant; In determining the’ power generation per . flow channel and the change 1n_
. fluld temperatures is small o N o R S ~

‘AFor'NGUKé{-l.thé.power:generation’of a flow channel is <
CRGEELWLTL e i SRR Soaoy

but as NGU increases. “the power generation of the cnannel per: unit channel

"'length decreases as [l-exp(- 2NGU)]/2NGU.. In general we found that for NGU <

© 0. 7 ‘this’ expression was valid for. parallel flow or counterflow heat exchang;
ers,,and we expect it will 1lso be valid for most other flow arrangements :
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‘The power genereted by the channel 1is given by

0.95 I'Kez_ T WL . .
P = : hot , ) (11)
e 8Rf : T :

1-exp(-2NGU) ' - | :
T ONGU : | ‘ (12)

where T =

The factor 0.95 accounts for an expected 5% loss due to electrical contact
" resistance at the heat exchanger/thermoelectric junction.

qumping the fluid through the flow channel requires pumping power [8]:

. . 3 .
P = f LG bW + minor losses
hx hx-b 2 .
. S Pg
c
. o -1y ‘
= 4 P : .
fhx 0.079 Re | _ (13)
2bG:
If the cold water pipe feeds N/2 heat exchanger channels, a pumping power Pp
will be required:
Lo omm/2)} . . Ap GhN
P =f T ——5—;——5 + Lc 5 % + minor losses (14)
P P c2p gcA , '

The first term in Eq. 14 is the frictional loss, while the second term is the
work required to pump the cold water up against the density gradient.

The cold water pipe Reynolds numbers are on the order of 108 and we may
assume fully turbulent flow.. Assuming.a dimensionless roughness for a cold
water pipe of 0.0003 gives f_ = 0.015. The density gradient term was derived
- by neglecting compressibility and salinity effects and by assuming a linear

density profile with depth. Minor losses refer to losses in channel inlets or
nutlets 2

Assuming the pumping power can be suppiied with efficiency N

the net power-
output of a plant consisting of N channels is

p’
P S - @ 4+, )
S0 ¢ N Yp- hx’
: P -
- We have neglected power required to pump the warm water to the heat exchanger
inlet. : :

‘Dlviding Eq. 15 by 2NWL, we find the net Output power per unit heat exchdnger‘
plate area: . .

13

(15)
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Proper heat exchanger design will minlmlze the pumping and mater1al requlrei
merits. The parameters which we may vary most -easily are the flow rate G and
" the heat .exchanger flow length L (or NGU) The heat exchanger Reynolds number
has .a weak. influence -on the design except for determining the plate spac1ng b,
which is constrained by cleaning requirements.: The- length of 'the ‘cold water’
‘ pipe is determined . by the depth required to reach'. the desired cold water.
temperature,:and the diameter of ‘the cold water pipe is probably limited to a

-maximum of ahout 40 m because of fabrication and deployment difficulties.‘

The heat exchanger is designed by varying G and NGU with a Reynolds number
’which gives a reasonable b until minimum material and pump costs result.’ The
thermal resistance Rf is given from reference 8

A P S |
PRe =0 0 Y Rrour - an .

h 5.0,023'Re'l/syécbpr72/3; P T as

. The power density P" may then be calculated and the required area 2NWL can be
. found, ‘given the required plant output power.” The mass flow of (hot plus .
cold). water 1s " (Gb/2L) (®./p" ) and ‘the: required thickness of ‘thermoelectric

material can be found from Ry °. 2Rf (see Appendix) .

‘The power modules will require an- area, of 2NWL of heat cxchanger plates and"
thermoelectric device plates, and an area of NWL of thermoelectric material.

jWe assumed the following values

: Thot —-298 K T ld =.278° K'i.
Properties of fresh water at 20 C

» c .914 m.‘
K,?.O,Z
-np 0.8

Ap/p .= 0. 0029 u“}&;,'

'_:Minor losses

. =Coldwater pipe inlet ‘f-~:.- *'f = 0 04 (dynamic head loss)
-Cold water pipe manifolding = 0.04-
- Pump ‘ducting to heat exchangers='= Q.lQ']
Heat exchanger inlet _ , 'ﬁn0.38g )
- Heat exchanger outlet‘:,.f o = 0.56 0
'B_..o3 IR
.. 2 -
Rfoul 0 35 C—Cm /W

“”t ='0 ilimm o
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%

k_ = 0.433 W/cm°C
The optimization procedure for a net 400 MW, yields:

1;3,cm

'80’g/cmzs
10.32 m (NGU = 0.6)
e = 1.978 mm ..

= 40.5 m

b
G
L
t
d
Required area of heat exchanger plate = 26.38 x 108 g
Required flow rate (hot plus. cold) = 13.28 x 10 kg/s

.2.5 COST ESTIMATES

The economics of the thermoelectric materials presently considered for OTEC
benefit from two factors. The elements involved (mainly bismuth and tellu-
rium) are byproducts of lead, gold, and copper processing, and they are avail-
able in abundance [4].

Since the mining costs and most of the processing costs are borne by the
primary products, the byproduct costs are determined by the costs of capital
‘equipment, operation, and maintenance of the byproduct separation and purifi-
. cation process. At present, these costs must be recovered with the sale of a
relatively small volume  of byproduct. As larger quantities' are demanded,
production equipment can he scaled up, its efficiency improved, and its costs
spread over a larger volume of byproduct. The result of this situation 1is an
inverted supply-demand curve. The greater the demand, the lower the unit
costs. - ‘

4Information obtained from a maJor producer of bismuth and tellurium indicates
very . substantial reduction in material costs as the demand increases [3] The
’following trend is predicted for the price of BiZTe3.

. Unit Cost
Demand (1979 §$/1b)
103 2.96
10% 2.37
10 1.78
100 : 1.19

The conceptual design for a thermoelectric OTEC 1s not yet well -enough devel-
oped to. justify any attempt at making detailed cost estimates. However, it is
possible to make an order of magnitude estimate of the system costs for com-—
parison with closed cycle system estimates.

Two ma jor subsystems probably account for most of the thermoelectric OTEC

cost—-the power modules (heat exchanger-thermoelectric generator combination)
_and the seawater pumps. With automated mass production, the power modules
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should approach about 1.35 times the cost of the materials required. Seawater
pumps for OTEC have been surveyed and an algorithm developéd relating cost to
pumping capacity [9,10]:

Cost per unit capacity = 313 Q_O‘616 (19)
where Q 1is m?/s of seawater and costs are given in thousands of 1979 dollars
per m” /s capacity.* Utilizing these simplifying assumptions, the approximate
costs are estimated as follows.

The thermoelectric generator for the 400 MW, (net) plant discussed in the
preceding section produces $bo%f 30 W/m“ net power. The power module surface
area required is 1.3 x 10 m”. The masses of the required materials are
estimated as the product of their density and thickness times .the total heat
exchanger area [4]:

° flgg channel plates of 90 copper - 10 nicﬁfl.alloy with thickness 0.508 x
1077 m (0.02 in.) and fensity 8909 kg-m ° (8.9 g-cm ~): mass = 8900 x
0.508 x 1073 x 1.3 x 107 = 5.9 x 107 kg (267 x 10°% 1b).

nickness 0.13 x 1073 m (0.005

e thermoelectric device plate of copper wiﬂg t
): mass = 8900 x 0.13 x 1072 x

in.) and_density 8900 kg -~ m (8.9 g - cm
1.3 x-107 = 15 x 10° kg (33 x 10° 1b). :

e thermoelectri¢c material covering 0.30 f§ the surfgsf'area and a thicknes
of 0.59 x 10 ” m and den§ity 7700 kg-? (7.7 g—cm6 ): mass. =.0.59 x 10

x 7700- x 0.30 x 1.3 x 10" = 1.77 x 10" kg (39 x 10° 1b).

Two flow channel plates and two thermoelectric device plates are required for

each unit of power module area. Materials requirements and cost are summar-

ized in Table 2-1.

The pumping -capacity for a 400 Mwe thermoelectric OTEC is 1.33 x 104 m3/s. In
the interest of increased reliability through a high level of redundancy, it
may be desirable to use 66 large pumps of 200 m”/s capacity each. The algo-
rithm (Eq. 19) yields a cost of $2.4 x 106 per pump or a total pump cost of
$158 x 10” or $395/kwe net electric power. ‘

It 1s important Lo note the sensitivity of the thermoelectric OTEC costs to
thermoelectric conversion efficiency. The power density achievable is propor-
tional to the 3/2 power of the conversion efficiency, so that if the advanced
materials now under development were used in these estimates instead of cur-
rent, commercial thermoelectric materials, all of the co§7§ would be multi-
plied by a  factor 393fficiency old/efficiency new) , Which ‘equals

(0.2 Carpot/0.3 Carnot) = 0.54, Thus, the successful development of the
new, more efficient thermoelectric materials will have a strong effect on the
economics of this concept. Similarly, the development of a more corrosion

resistant copper alloy for the heat exchanger could reduce materials require-
ments and costs dramatically. The capital cost estlimates are listed in Table
2-2. The greater simplicity and reliability of the thermoelectric OTEC should

*1977 dollars were inflated to 1979 dollars by using the Chemical Engineering
Plant Cost Index [11].
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have a favorable influence on the life cycle costs: fewer replacements or
ma jor repairs of rotating machinery, fewer costly biofouling control measures,
larger availability factor, etc. These improvements may offset any initial
capital cost disadvantages. :

Table 2-1. SUMMARY OF POWER MODULE MATERIALS REQUIREMENTS AND COSTS FOR
A 400 My, (NET) THERMOELECTRIC OTEC.

Material Required
Unit Cost Total Cost

Component (10% xg)  (10%1b)  ($/kg) (105 ¢)
Heat exchanger channel plates ' 118 260 2.2 260
(90 copper - 10 nickel alloy) o ' L
Thermoelectric device 30 66 1.8 54
(copper plates) v
Thermoelectric material 18 40 - 2.6 47
(alloyed BizTe3)
' Total materials cost = 361
Total materials cost x 1:35 = fabricated power module costs = 487
‘ Cost per kwe net power = $1218

8Costs estimated from current. (1979) commodity prices for electrolytic .copper
($0.75/1b) and nickel ($2.20/1b) with 1.10 multiplier to cover alloy
processing [12].

2.6 POTENTIAL MARKET PENETRATION

The preliminary nature of the cost estimates for thermoelectric OTEC do not
warrant a detailed market penetration study at present. However, it 1s possi-
ble to estimate the relative impact of reduced OTEC capital costs on 1its
probable market penetration. .

The MITRE system for Projecting the Utilization of Renewable Resources (SPURR
Model) [13] was used to compare OTEC base load power systems with various
capital costs against conventional power sources and other solar options. The
market was limited to the southern United States; OTEC sites were limited to
the Gulf of Mexico. Figure 2-5 shows the resulting projections through the
year 2000. Notice that even a small decrease in OTEC capital costs below the
base case cost range ($1371—$2020/kwe, 1979 dollars) can dramatically improve
the market penetration. Such projections offer encouragement to our efforts
to design a lower cost thermoelectric OTEC.

17
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-Table:2-2.

. 3

- ULTIMATE CAPITAL“qosT ESTIMATES'FORJOTBC SYSTEMS (400 MW, PLANT).
Ammonia Closed Cycle Thermoelectric OTEC B
‘ Commercial - Advanced
I Aluminum HX Titanium HX . Thermoelectrics Thermoelectrics
fModule

(1979 $7KkW) (1979 -$/kW)

- (1979, $/kW) - (1979:°$/kW)

.Heat exchangers (and
thermoelectrics)

. Demisters

Turbogenerators ,J '

Séawater pumps'“"'

Other power systems

‘ Platform

Cold watexr- pipe'
Mooring/deployment
Electric cable
Total

‘Average“,'

482 844

| 567-989°

L 658
848 8-48" " T, i NA oA
Cek-135 ses13s o NAL Cma T
- 103-241." :© 115-241" 395‘ 13-
139-235  130-235 130-235 130-235
60362 60-362 © 60-362 60-362-
86-96  © 86-96 ' 86-96 86-96-
60-238 . 60-238 | 60-238 .60-238"
T121-543. - 121-543 S 121-543 | 121-543
1143;2743 1232-2887  2070-2722° 1326-2343
1943 ”'2064" 2396 1835

aOn ‘a module basis,

DOE -contractors ‘and DOE - personnel as, reported during February -1978.
names corresponding to the estimates made are priority information'

- These estimates are- for sites 3 miles.‘
Costs have been inflated to 1979 dollars using '

tractors'
-and are not presente

to 200 miles from .shore [13]
the Chemical Engineering Plant Cost Index and ref

these represent the

d for that reason.

highest and lowest estimates by four
* The con-

[11]

. 18:-3‘ g‘
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SECTION 3.0

CONCLUSIONS

The concept of a thermoelectric OTEC offers many advantages in simplicity,- '
reliability, and safety. Its ‘economic competitiveness appears to depend on
succeéssful development of . new thermoelectric mat_erials and power ‘module de-,
signs. The potential for decreased OTEC costs- and increased market penetra—
tion aré promising. o : : . : . -

Ongoing'SERI'researcﬁgwili include COntinued evaluation ofvnevlyldeveloped
thermoelectric materials and research to discover additional thermoelectrics
-among new classes of materials such'as amorphous and. organic semiconductors.

- Thermoelectric device design and fabrication R&D and new systems concepts for

integrating . the heat exchangers and. thermoelectrics are also being pursued.
"Further analysis of the thermoelectric OTEC and. other potential solar applica-
~;tions are 'in progress. . A .
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APPENDIX.

The effective:thermal conductivity in a thermoelectric generator can be ex-
pressed simply as a combination of conductivity plus the Peltier and Joule
heating effects. The heat flux involved in the operation of the thermoelec-
tric device consists of two parts: the conventional heat flux produced by the
thermal gradient and controlled by the thermal conductivity of the thermoelec—
tric material and the heat liberated by the electrical current in the device.
The electrical current produces two heating effects, Peltier heating and Joule
heating. The total heat flux is

q=—+ aT I - Y1?R ' | - M)

Under normal operating conditions, with the internal resistance of the device
matched to the external load resistance for maximum power output: -

I =V/2R and V = ofT - ’ (2)
so that
_ ofr .
I =g . | (3)

Equation 1 may be rewritten as

| Lr ot 2
Adr H o 2
Q= =k, g+ —p— - 7x(*D “)
| 2
or, since R = o
‘ (;(IT 2
- AfT H oA, 2
Q =k, g+ (g—) Al - (1) )
B fo ofay ATy AAT _ . AAT
and 0=l + )1y - &) 7] 50 = ke ©)

Thus, the thermal procesées in the thermoelectric device can be represented by
the temperature-dependent effective thermal conductivity, k ¢g-



	TABLE OF CONTENTS
	INTRODUCTION
	DISCUSSION
	CONCLUSIONS
	REFERENCES
	APPENDIX



