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Laboratory #1


University of California, Berkeley – Dept. of Materials Science and Engineering

MSE 130 / Fall 2009

Laboratory #3:  Thermoelectrics for waste heat recovery—Parts I&II

By Matthew L. Scullin, Alphabet Energy, Inc.

Objective:  To use a bismuth telluride (Bi2Te3) thermoelectric device to transform heat into useful electricity from a variety of thermal sources.

Theory:  The maximum efficiency ( of a thermoelectric (TE) material in a temperature gradient is to equal the following: 
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The term zT is the dimensionless figure of merit of the thermoelectric material:
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where TTE is the average temperature TTE = (T TE-hot+ TTE-cold)/2 of the material, S is the thermopower (dV/dTTE) or Seebeck coefficient, ( is the electrical conductivity, and k is the thermal conductivity of the material. In an actual device, one can write alternatively the figure of merit ZTTE using the product of the device electrical resistance and thermal conductance, R=L/(A and K=kA/L, respectively:
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One can therefore account for losses due to other components of the system, including electrical resistances from the contacts and wires, and thermal resistances from the contacts and heat exchangers. We can therefore assume that (with elements in series), the entire resistance and thermal conductivity of the thermoelectric device are:
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where RTE and KTE are the electrical resistance and thermal conductance of the thermoelectric material, respectively; Rcontact and Kcontact are terms of the infinitesimally thin contact between the metal contact; Rmetal and Kmetal  correspond to the metal contacts themselves; Kceramic refers to the insulating ceramic plates; and KHX=1/PHX where PHX is the combined thermal resistance of the heat exchangers on the hot- and cold-side of the thermoelectric device.
Although all of these are important in an actual thermoelectric heat recovery system, we will assume that most of these terms equal zero except for RTE, KTE, and PHX.  The expression for the device ZT becomes:
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And the efficiency ( uses this expression for ZT in place of zT. It is possible to measure RTE, (, and T, and to determine S and kTE for bismuth telluride from literature values. One can therefore determine ZT and PHX by applying various temperature gradients (Thot) for a fixed heat exchange method on the hot- and cold-sides with total PHX.  

Ideally, it is desirable to operate the thermoelectric device at maximum power transfer, which is the point at which the load resistance RLoad matches the resistance of the output (i.e., the resistance of the thermoelectric device R).  In a normal thermoelectric device operating at low power, the maximum power transfer and maximum efficiency points are approximately equal. We therefore assume that the expression for maximum efficiency ( holds true when operating the device when Rload = R.  The current Ipower that is output from the thermoelectric device is:
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where dTTE is the temperature gradient across the thermoelectric material itself. So, with the above expressions, dTTE=TTE-hot–TTE-cold can be determined and compared to the temperature gradient measured between the heat exchangers, dT=Thot–Tcold. This can be used to determine the effect of the heat exchangers and their thermal resistance PHX. In the limit of PHX=0, then dT=dTTE. You will be measuring the temperatures at a point in the heat exchangers, but remember that the thermoelectric output only comes from the temperature gradient across the thermoelectric itself. One goal of this lab will be to determine PHX and its effect on reducing the efficiency of the thermoelectric device (a result of this temperature drop across the heat exchanger).
Lab procedures:
You will measure dT with two thermocouples that are embedded in two heat exchangers and a potentiostat to measure electrical properties.
1) Measure the I-V characteristic of the TE device with a zero applied temperature gradient (dT=0) as a function of scan rate, ramping from 0A to 750mA and back to -750mA then back to 0A several times. Determine the resistance R of the device from this measurement. Note:  monitor the temperature of the heat exchangers, and allow these temperatures to equilibrate between scans.
2) Apply a temperature gradient to the thermoelectric using a combination of a water bath (room temperature or ice cold), a lamp or a resistive heater.  Equilibrate a dT and measure the open-circuit voltage VOC and the short-circuit current ISC.  Calculate the power output of the device at zero load and a given dT (that is, a given Tavg). Perform this procedure for several values of dT. Be sure to apply the temperature gradient in the same fashion each time (such that PHX remains constant).  NOTE:  OPERATE THE HEATING DEVICES WITH CAUTION; SPECIFICALLY, THE LAMP GETS VERY HOT AND SHOULD BE HANDLED SAFELY.  YOU SHOULD BE ABLE TO ACHIEVE A dT of ~20 ºC—A LARGER TEMPERATURE GRADIENT WOULD BE BETTER BUT IS NOT REQUIRED.  THE RESISTIVE HEATER DEVICE REQUIRES THE USE OF A SECOND POTENTIOSTAT. THE HEATER CAN BE OPERATED WITH A CURRENT OF UP TO 1 A; HOWEVER, A LOWER SETTING MAY BE DESIRABLE IN ORDER TO HAVE "HEADROOM" AS YOU TRY TO STABILIZE THE TEMPERATURE.
3) With the same heating arrangement and dT, use the potentiostat to scan I-V. Be sure to measure the voltage at zero current and the current at zero voltage. Once you have completed these measurements, make a power curve (power delivered vs. current) for your device for a given dT.  Repeat this procedure for three (3) values of dT.

Lab report
In your lab report you should discuss your results as well as observations that you deem relevant.  Your data should be presented in an appropriate manner—that is, analyze your raw data and present it in an informative way.  State and justify your assumptions.  In addition, address and/or analyze the following points (which will help you to analyze your data).  Use the available literature as needed—e.g., look up the properties of bismuth telluride.

1)  What is the relationship between dT and dTTE?

2)  Create and discuss plots of power delivered (IV) vs. resistance (V/I) at given dT.  At what resistance is maximum power delivered and how does this compare to VOCISC?

3)  Create and discuss plots of power delivered versus current.

4)  Estimate the efficiency of your thermoelectric material in converting heat into electricity?  What is the maximum efficiency?

5)  Estimate PHX.  How is efficiency affected by the heat exchangers?

6)  Discuss your results in the context of the performance that you might expect for this thermoelectric device based on the reported performance of bismuth telluride materials.

7)  For a given illumination, compare the efficient of the thermoelectric to convert the incident light energy to that of a CIS solar cell.  Is your result consistent with what you might expect?

8)  Comment on the economic viability of this thermoelectric material and the CIS solar cell for energy generation.  Note that each TE device costs about $14 while each CIS device costs $1.  What would the price points (cost of device per watt of power delivered) be for these technologies to become viable, i.e., how would they need to operate such that they would cost under $1/Watt?
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