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ABSTRACT

An air-to-oil heat exchanger was modeled and optimized for use in a system utilizing a
thermoelectric generator to convert lJow grade waste heat in flue gas streams to electricity.
The NTU-effectiveness method, exergy, and thermoelectric relations were used to guide the
modeling process. The complete system design was optimized for cost using the net present
value method. A number of finned-tube compact heat exchanger designs were evaluated for
high heat transfer and low pressure loss. Heat exchanger designs were found to favor either
power density or exergy effectiveness to achieve optimal net present value under different
conditions. The model proved capable of generating complete thermoelectric flue gas
systems with positive net present values using thermoelectric material with a ZT value of 0.8
and second law efficiency of 13%. Complete systems were generated for a number of
economic conditions. The best complete system achieved a first law efficiency of 1.62% from
a 150° C flue gas stream at an installed cost of $0.79 per watt.
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1. Introduction

Non-renewable electricity generation and a number of manufacturing processes reject
large quantities of energy into the atmosphere each year in the form of waste heat. According
to the United States Department of Energy, over 100 GWyrs of energy are wasted each year
from manufacturing processes alone. This waste heat comes from process inefficiencies and
is typically unrecoverable using conventional technologies because of the relatively low
temperatures (usually below 400° Fahrenheit or 200°C) that the heat is rejected at. This large
volume of low grade waste heat presents significant opportunity for new and more effective
energy recovery technologies to capture interest and market share, especially as energy prices
climb and concern over climate change affects regulatory policy on process efficiencies.

One potential option for the converting low grade waste heat into electricity is to use a
thermoelectric generator, or TEG. A TEG is a solid state device that converts heat into
electricity by the Seebeck effect'. TEGs have recently emerged as viable electricity
generators because of improved thermodynamic efficiencies and higher survivable operating
temperatures'.

In this thesis the economic feasibility of a TEG low grade waste heat recovery system
is explored in greater detail via the optimization of a hypothetical system installed
downstream of a gas turbine combined-cycle power plant. The flue to oil heat exchanger is
modeled using the NTU method. The overall system is modeled with an exergy balance. The
waste heat system is optimized for cost using traditional heat transfer and thermoelectric
material relations, the net present value method for evaluating capital projects, and costs

gathered from industry in order to realistically evaluate the profitability of such a system.



1.1 Uses of Flue Gas Waste Heat

Low grade waste heat can be used for a number of processes, and common uses
include preheating combustion gases, heating and cooling buildings, and providing heat to
industrial reactions or manufacturing processes'. Typically recycling waste heat for processes
is more valuable than producing electricity, but recycling can require significant infrastructure
changes and in many cases simply is not practical. Electricity production from waste heat, on
the other hand, is a stand alone process that produces a universally tradable commodity.

Thus, electricity production is smart alternative when process recycling cannot be
implemented. Organic Rankine cycles (ORC), Stirling cycles, or other thermodynamic
engines, such as a TEG, can be used to convert waste heat into electricity.

1.2 Comparison of TEGs to Traditional Heat Engines

There are a number of advantages to TEGs which make them particularly attractive for
use in waste heat conversion to electricity. Scalability, low maintenance, and ability for use
with low temperature streams are the most significant. Current short-term limitations include
moderate conversion efficiency, high cost, and lack of field testing.

A TEG system is easily scaled to optimally match the size of its waste heat source
without major redesign; a 10 MW heat source will require roughly 20 times the number of
TEG units required for a 500 kW source. Such linear scalability is not possible with
traditional heat engines; either multiple engines must be used (meaning more maintenance) or
anew engine must be designed. Additionally, traditional heat engines are designed to operate
in a specific range of temperatures and flowrates, which means they may operate outside of

their thermodynamic optimum in a real application. This study will show that TEGs can be



applied to a large range of operating temperatures with little to no change in the design of the
system.

Maintenance is also an area where TEG systems outperform heat engines. Since
TEGs have no moving parts and are modular, they require less preventative maintenance and
are simpler to repair. Heat engines are susceptible to a number of mechanical failures, due to
the forces and pressures exerted on them during continuous use, and since most are not
modular, repair can take an entire system offline. Stirling engines are historically notorious
for Heat engines have additional complexity in that they must interface with an
electromechanical transducer in order to produce electricity.

TEGs are not as constrained by temperature as an ORC because they are not
dependent on a phase-changing working fluid. Thus, while most commercial ORC waste heat
systems require inlet temperatures between 400° and 500° Fahrenheit to even operate”,
bismuth telluride TEGs scale linearly with Carnot efficiency from room temperature to 390°
Fahrenheit”.

TEGs cannot match the organic Rankine cycle in terms of first law efficiency. Typical
ORC:s operate between 5% and 12% efficiency’, whereas current TEG systems peak at
efficiencies near 5%". This may be primarily because ORC is a mature technology and is
available commercially. Companies like Turboden s.r.l. in Italy produce large scale ORC
systems generating 500 kW to 2 MW, while companies like Electratherm, Inc focus on
smaller 50 to 500 kW systems. However, both are dependent on flue gas streams hotter than
400° Fahrenheit to operate, leaving flue gas streams in the 300° Fahrenheit range unusable, a

temperature at which the DOE estimates 40 GWyrs of energy is released per year.



2. TEG System Design

Initially designs for the study focused on a system for real world testing at MIT’s
cogeneration plant. However, final designs were freed of mass flow constraints to develop
systems deployable in any size clean flue gas stream. Streams of particular interest were
those from natural gas combustion, which are mostly free of particulate matter and sulfur
compounds. The system employs an air to liquid heat exchanger in the flue gas exhaust
stream to heat a thermal oil stream. The thermal oil is then transferred to a TEG stack, where
the heat from the thermal oil is transferred to one surface of the TEG. Water is used to cool
the opposite side of the TEG to create a temperature differential across the TEG and generate
a voltage. The DC electricity produced by the TEG is then passed to a DC to AC converter,
of which this paper is not concerned, where it can be fed into the facilities grid or used on site.
A schematic of the process is illustrated on the following page in Figure 1.

To Atmosphere

111

Heat Exchanger

Thermal Qil Loop

-~ TEG
IR

Blower ’1
kY
™ DCto AC
Conditioning %
Hot Flue Gas

Figure 1: Hot flue gas is used to heat thermal oil via a finned tube heat exchanger. The hot
thermal oil is then passed through a porous copper heat exchanger on one side of a TEG unit while
cool water is passed through another porous copper heat exchanger on the opposite side of the TEG.
The DC voltage produced by the TEG is then converted to AC and distributed.



2.1 Air to Oil Heat Exchanger

Recovering heat from gaseous fluid streams is capitally intensive due to the large heat
exchanging surfaces required. Gases generally have lower heat capacities and lower
convection coefficients when compared to similarly dimensioned liquid streams. Therefore
gases generally require compact, highly-finned heat exchangers to adequately transfer heat to
another fluid stream’. Such configurations have inherently small hydraulic diameters,
resulting in high friction factors and high pressure drops. Heat exchanger design for gaseous
fluid streams then must pay special attention to the pumping power required for a certain
geometry and set of operating conditions®.

In the case of the TEG system, it is critical that the pumping power required by the
flue gas blower is smaller than the power produced by the TEG, or the system would have no
value. As such, several flow arrangements and heat exchanger types were explored.
Transferring the flue gas heat directly to the TEG was considered, but low heat transfer rates
and a complicated interface between the fins and TEG, along with maintenance and stress
issues, created the need for an intermediate fluid. High temperature thermal oil was chosen to
shuttle heat from the flue gas stream to the TEG stack to avoid two-phase flow and to
maximize the temperature captured, as well as to avoid internal heat transfer surface fouling.
Direct contact heat exchangers were also considered, but current commercial designs fail to
reach temperatures acceptable for effective TEG use.

2.2 Oil to TEG Heat Exchanger

The oil to TEG heat exchanger stack is an area of ongoing design work and was not

modeled in this study. MIT graduate student Andrew Muto, of Prof. Gang Chen’s laboratory,

was investigating configurations of plate-fin and porous copper heat exchangers for use in



such a system at the time of the submittal of this paper. The power loses due to the high
pressure drop required to pass thermal oil through porous copper, or a plate-fin heat
exchanger, were assumed negligible relative to the power consumed by the air to oil heat
exchanger. This assumption will be tested in the future for validity.
2.3 Net Present Value

Capital building projects undertaken by industry are often evaluated on a of cost basis
to determine if the project should or should not be financed. Typical evaluation methods
include calculating the project’s payback period, internal rate of return, or net present value.
Of these three methods, only net present value provides a consistent basis for comparison of
projects and definite answers to when a project should be undertaken, and as such it was the
method used to compare and optimize the TEG system designs7. The net present value (NPV)
method accounts for all costs and incomes during the life of a project and discounts each
year’s cash flows using a discount rate chosen by the projects financiers. If two or more
projects are being compared, the project with the highest positive NPV should be built, as it
will add value to the company’s bottom line’. The payback period method ignores revenue
after the project has been paid off and also fails to discount cash flows. These two
shortcomings can prevent a firm from undertaking value adding projects. Internal rate of
return also prevents firms from undertaking valuable projects if their chosen internal rate of
return is too high or a project’s discounted cash flows sum to zero. For a more detailed
discussion the author recommends reading Brealey, Myers and Allen’s Principles of

Corporate Finance.



3. System Modeling and Optimization

The system was modeled such that it could be optimized to produce the highest
installed net present value on a per TEG waitt basis. A number of finned tube designs were
explored. The system was modeled in MatLab; the NTU method was used to model the air to
oil heat exchanger, and an exergy balance and power density were used to evaluate the
system.
3.1 Fin Type Study

Selection of an efficient air to oil heat transfer surface was of critical importance to
maximizing the exergy recovered from the flue gas. Kays and London suggest comparing
finned tube surfaces on a power per unit area and heat transfer per unit area basis when exergy
recovery is of importance. One can specify fluid properties, along with Reynolds number and
the friction factor of a surface, to determine the power consumed by a unit of surface using

the equation

3 3
E:_l_!‘_z[i] RS, (1)
28. P74,

which depends on a second law proportionality factor, g., the fluid viscosity, u, the fluid
density, p, the hydraulic diameter of the finned surface, 4r;, and the friction factor and
Reynolds number. To determine the heat transfer per unit of surface area for a finned surface,

Kays and London provide the equation

M 1.
h=—t Zr.-( 7*°)Re, 2]
h

which is calculated using the Prandtl number of the fluid, Pr, the heat capacity, c,, and the

Colburn factor of the surface, j, along with several variables shared with Equation 1.
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Plotting A versus E allows different finned tube surfaces to be compared on an equal
basis. Kays and London provide both j and f as functions of Reynolds number for a number
of commercially available surfaces.

3.2 Effectiveness — NTU Calculations

The NTU-effectiveness method was employed to size the air to oil heat exchanger.

An array of oil inlet temperatures, flue gas Reynolds numbers, NTU values, and oil flowrate
to flue gas flowrate ratios were used to define other parameters. The first step in the sequence
involved calculating the heat exchanger effectiveness for a given set of conditions. The
overall oil flow arrangement was modeled as purely counter-flow, however in a real system
the oil flow arrangement would be a hybrid of cross-flow and counter-flow. The counter-flow
effectiveness relation is defined as

__L-exp(NTU(I-C¥)) s
1-C*exp(-NTU(1-C*))

(3]

The variable C* is the ratio of the heat capacity flowrate of the oil stream to that of the air
stream. The effectiveness can be used, along with the specified oil and flue gas inlet
temperatures, to find the inlet and outlet temperatures of the flue and oil. The oil outlet

temperature 1s

Ty = Togs + €l ~Toas). (4]
while the flue gas outlet temperature is given by
Tﬂue,o = Tﬂue,i - C * (Toii,o - ToiI,i ) . [5]

The next group of calculations focused on determining the overall heat transfer coefficient per

unit area of the heat exchanger. The coefficient is a sum of the air side convection coefficient,
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conduction resistance through the finned tube, and the oil side convection coefficient. The
inverse of the overall transfer coefficient per unit air-side area is

_1— :-—~L———+ AﬂueRw + 1 5’ [6]
U h A / Sflue ”ﬁnhﬂue

oil “ “oil
where R,, is the tubing resistance to conduction and #g, is the fin efficiency.
The flue gas convection coefficient is calculated first by finding the maximum mass

flowrate for the chosen surface, G, using the flue gas physical properties and the hydraulic

diameter of the fin surface, Dy,

G= (7]

Equation 7 gives the maximum mass flowrate through a single channel in the heat exchanger
matrix. G and the Colburn factor, j, which is a function of surface geometry and Reynolds

number, are together used to determine hg,:

jGC ,air
fle = ‘1;53—- 8]

The tubing wall conduction resistance, AxR,,, is calculated using an equation from Incropera.

_D,In(D,/D,)

- 9
"M 2k(A 1 Ap) B

oil
The inner and outer diameters are given by D;and D,,, while k is the conductivity of the tubing
material and A,;; and Ag,. produce a ratio of oil heat transfer area to air heat transfer area.

The oil convection coefficient was assumed to be large enough to drive its
contribution to the overall transfer coefficient to zero. Additionally, the complexity of liquid
flow arrangements in compact finned tube heat exchangers made modeling a realistic route

and flowrate for the oil difficult.
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With the overall transfer coefficient in hand and the NTU specified, the depth of the

heat exchanger can be calculated by rearranging the typical NTU relation to:

C*G

NTUc_ .
L — p.air
Ua

, (10]
where ¢, q;r is the heat capacity of air at the operating conditions and a is the heat transfer area
to volume ratio of the particular finned tube surface. L is used to calculate the pressure drop
across the heat exchanger, and it also signals when the model generates an unrealistically thin
heat exchanger.
3.3 Pressure Drop and Power Calculations

The pressure drop across the exchanger is broken down into entrance effects and bulk

effects. The entrance effect drop, due to the acceleration and deceleration of the gas, is found

using the equation below:

V.

G?v, v
Apentrance = 2 . (1+0-2{—L_1J5' [11]

In Equation 11, ¢ is the ratio of the free-flow area to the frontal area for the specific finned
tube surface being used. The values of v are the inlet and outlet specific volumes of the flue
gas, which is approximated as air. The bulk pressure drop is a function of the finned tube’s

friction factor, and is defined as

[12]
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The pressure drops are summed together to form 4p,.;, which can then be used to calculate the

power consumed by the flue gas blower at a specified flue gas to oil flowrate.

A
— pner [13]

nblower pﬂue Cp,air

blower

The term in the denominator is the efficiency of the blower, which was assumed to be 0.8 to
represent most industrial blowers.
3.4 Exergy Calculations

One of the critical optimization steps for air to oil heat exchanger was maximizing the
exergy in the hot oil stream. This was done by maximizing a ratio of exergy in the hot oil
stream to total exergy in the flue gas stream. The exergy rate of the air stream, neglecting the
phase change of water vapor and other species, was defined as:

A

T
= Cﬂue (Tﬂue,hot - Too ) - CﬂueToe ln [_ﬂ;&) - [14]

o0

flue

In Equation 14, Cy,. is the heat capacity flowrate of the flue gas stream, while Ty por 1S the
exhaust temperature of the flue gas, and 7 is the temperature of the cooling water used on the

TEG cold side. The exergy rate in the oil stream is then similarly defined as

A

Toi[ Jhot -
oil = Coil (Toil,hot - Toil,cold )_ CoilTw ln - CﬂueWpump ° [15]

oil cold
The pumping power is the sum of the power required to pump the oil through the heat
exchanger and the power used by the flue gas blower overcome the pressure drop across the
heat exchanger’s finned tube banks. Pumping compressible gases is significantly more
energy intensive than pumping liquids, so it was assumed that the power required to pump

thermal oil was negligible. Stacking the two exergy flow rate terms, we get:

14



T, C,.W
oil ,hot flue "7 blower
Co (T vithor ~ Loit cotd )_ Cal.In -
oil ,cold 77TE,II

oil - . [ 1 6]
flue C T T C T 1 Tﬂue,hot
Sflue ( flue, hot i ) - flue ™ o n T

oo

In Equation 16, nte q is the second law efficiency of the thermoelectric material. This
efficiency is calculated using the thermoelectric material’s non-dimensional figure of merit,

ZT. ZT is generally assumed constant over small ranges of temperatures4.

NZT +1-1 ,

Neen = T [17]

ZT +1——

H

In Equation 17, T, and Ty are the cold and hot temperatures on either side of the
thermoelectric. Returning to the exergy ratio, we can consolidate the mass heat capacity
terms be defining C* as the ratio of C,;; to Cp... We can then substitute C* into the exergy

ratio to get:.

T, w
* _ _ oil ,hot __ "7 blower
) C Toil Lhot Toil ,cold Too In T
A, oil cold Mre.n

* T
flue (Tﬂue,ho; -T.)-T, ln( __ﬂ_juwe_hgt_ J

(18]

£

With the exergy ratio in hand, the first law efficiency of the entire system can be

calculated using:

1 _ T ln( Tﬂue,hot )
_ nTEJleiI _ ”TE,IlAm'l _ Ao,'l h Too

= =— = , 19
nsystem,l Cﬂue AT A A nTE,II T T [ ]

flue .hot Tl

Sflue
Ne

flue
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where again nrgp is the second law efficiency of the thermoelectric material, and the third
group of terms calculates the Carnot efficiency of the system.

With the heat exchanger temperatures, relative flowrate, and blower power defined,
the power recovered from the flue gas by the heat exchanger can be calculated on a unit

volume basis, and will henceforth be referred to as the “power density”:

. =
Powery, — C*Nelpg yp =Wye,

density =

Volume L
Gepuir . [20]
GC air Toi ,0 .
= Z Mg uC* (Toil,o -T,, )_ T, ln[ : J ~Whtower
oil i

The power density and exergy ratio provide physical parameters that allow for evaluation of

different heat exchanger designs and operating conditions.

3.5 Cost Calculations

The NPV of a system was calculated using the exergy ratio, power density, and set of
fluid temperatures calculated using the equations above. Economic data gathered from
industry allowed for realistic estimations of costs.

The system costs were simplified and modeled as consisting of the cost of the
manufactured TEG material, the cost of the manufactured air to oil heat exchanger, the cost of
the installation of the heat exchanger, and the operating costs for yearly maintenance of the
system.

The TEG cost was calculated on a per watt basis and was dependent on the inlet and

outlet oil temperatures and the cooling water temperature”.
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$ 47* 2
C t —| ZTE_|. [ — . 21
0% e [kg)p”'” 77T -k (O.S(T °T -27;)] 21}

oil i oil 0

The first term to the right of the equal sign in Equation 21 is the cost of TE material in
dollars per kilogram, which is then multiplied by the density of bismuth telluride to get a cost
per volume of TE. The third term uses the properties of the TE to determine the volume of
TE material required for one watt of power, with / being the thickness of the TEG, ZT being
the figure of merit for the TE material, and & being the conductivity of the thermoelectric
material. The final term calculates the average temperature differential across the TEG and
scales it based on the thermal resistances of the TE material.

The cost of the heat exchanger and its installation were found empirically by designing

several systems and gathering quotes from heat exchanger manufacturers. The overall initial

cost per watt of the TEG system is then defined as:

Cost
= —°THes | Cost, .. (22

density
The NPV of a project is the summation of yearly net cash flows discounted to their
present day value, with r being the firm’s discount rate; the number of cashflows equals the
number of years the system is operational:

NPV =CF, + Ch + CF22
(+r) (1+r)

+.... [23]

Cash outflows for the system are the initial cost of the system in year one, yearly taxes,
and yearly operating costs, which were assumed to be constant and 5% of the initial cost of
the system. Cash inflows were the result of selling electricity produced by the system. The
net cash flow in the first year is negative and equal to the cost of the entire system. Net cash

flows in all years following the first are equal to

17



CF, = Costm,em,
CF,_. =CF

l-n electricity

CF, (24]

operating

- 7(CF,

peraiing — D€PTECIatION)
In the above equation, 1 is the tax rate imposed on the firm (assumed to be 35%), and
depreciation is the yearly linear depreciation of the initial system cost. The electricity cash
flow comes from generating and selling one watt of electricity per year. In the model, an
operating capacity term is used to calculate the electricity cash flow to account for system
downtime. An operating capacity of 0.85 was assumed since the system is of low complexity.

The resulting NPV summation gives the value of one watt of installed system in

today’s dollars.
3.6 Optimization Strategy

The strategy for optimizing the design of the system was simple but computationally
intensive. A MatLab script runs through thousands of combinations of inlet oil temperatures,
flowrate ratios, Reynolds numbers, and NTU values. Support variables are calculated at each
combination point, including the exergy ratio, power density, and NPV. The initial NPV
value is stored, and if a subsequent NPV value exceeds the value of the previously stored
NPV, then it becomes the new stored optimal value.

The NPV, as calculated in Equations 21-24, is on a per watt basis. If optimized solely
for NPV per watt, the resuiting system could be yield a high NPV but a particularly inefficient
and small system that generates a low overall volume of electricity. To solve this problem,
the NPV per watt was multiplied by the exergy ratio to positively weight systems which
produce high volumes of electricity. All configurations were optimized for highest product of
NPV and exergy ratio.

The MatLab code used for the simulation is available on request from members of

Professor Gang Chen’s laboratory.
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4. Results

A number of finned-tube heat exchanger designs were compared, and the chosen
surface was incorporated into the heat exchanger model. The model was then used to
evaluate the effects of several economic parameters on the design of the system.

4.1 Fin Selection

Twenty-one fin configurations, including spiraled fin, contiguous fin, and flat tube
designs were compared using the method described in section 3.1 and with properties of air at
an operating temperature of 450 K. All surfaces and their parameters were taken from Kays
and London and represent common, commercially available designs. Dimensions for each
surface can be found in the appendix A. The figure on the next page plots the best performing

surfaces from five surface sub-groups.

Best Surfaces from Pumping Work Standpoint

e m——— S— O —— 1 80.0_

---CF-7.0-J

. CF-8.7-Ja
----CF-9.05-Ja

x 8.0-T

- 9.21-0.737SR
) — 11.32-0.737SR
LT T —— 46.45T

Heat Transfer

-
<D

0.00001 0.0001 0.001 0.01 0.1 1
Friction Energy

Figure 2: Heat transfer per unit area as a function of energy expended due to pressure loss per unit area
for several finned tube heat exchanger designs. Surface 8.0-T was used in the main model.
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Surfaces with a higher heat transfer rate at a given friction energy are more efficient at pulling
energy out of an air stream. Surface 8.0-T, a continuous finned-tube surface, was selected for
use in the modeled system because of its high relative performance and its manufacturing
simplicity. Dimensions of the surface, along with values for the friction factor and Colburn
factor, can be found in appendix A. Several manufactures were contacted and asked to price
the surface on a unit volume basis, and the cost per cubic meter installed averaged $7500/m3.
4.2 Heat Exchanger

Many of the economic parameters in the system are unknown to great certainty. As
such, the optimizations performed focused on determining the influence of parameters such as
system lifespan, discount rate, operating cost rate, and sale price of electricity.

The system parameters were optimized to yield the configuration with the highest
NPV. For all cases the inlet air temperature was 150° C, unless otherwise noted, and all flue
gas properties were for air at 150° C. The cooling water temperature, referred to as T, was
fixed at 21.85° C (295 K). The ZT value for all cases was 0.8, and the thermoelectric second
law efficiency, nren , was held constant at 0.13.

A plot of heat exchanger power density as a function of exergy ratio was generated
during each optimization case. Reynolds number ranged from 500 to 1500 in steps of 50, C*
from 0.05 to 0.95 in steps of 0.05, T, from 40 to 140°C in steps of 5, and NTU from 0.1 to

7 in steps of 0.5. The plot can be found in Figure 3 on the next page.
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Figure 3: Power density as a function of exergy ratio for all values spanned during model
optimization.

Table 1, below, details the results of systems optimized for lifetimes of 5, 10, and 15

years. Since no system has been built or field tested, the lifetime of the system is a significant

unknown. The discount rate was 0.1, the operating cost rate was 0.05, and the price of

electricity was $0.10 per KW-hr.

Flue Gas

Heat

System Qil Inlet First Law TE Hex Overall | Weighted
Lif):aspan Temperature FE:;%'S? EB((;?;?; ’gf r Efficiency | Cost Cost Cost N%V
years °C m % $W $W $W
5 40 800 0.5604 1.46 0.196 | 0.415 0.611 0.630
10 40 650 0.6435 1.58 0.206 | 0.540 0.746 1.409
15 40 650 0.7066 1.62 0.210 | 0.581 0.791 1.905

Table 1: Systems optimized for differing lifespan. Discount rate of 0.1, operating cost rate of 0.05.
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Table 2 compares the effects of electricity price on the system. Commercial and industrial

users may value electricity differently, and electricity prices differ greatly from state to state.

Price_ qf Oil Inlet ;E;n(c?lgz Ex;(:l?\tger Fir_st. Law TE Hex Overall | Weighted
Electricity | Temperature Number Depth, L Efficiency | Cost Cost Cost NPV
$/KW-hr °C m W $W $W
0.10 40 650 0.6435 1.58 0.206 | 0.5401 | 0.746 1.409
0.05 40 900 0.5149 1.38 0.189 | 0.3586 | 0.5481 0.510
0.03 40 1050 0.3187 1.09 0.162 | 0.2409 | 0.4032 0.207

Table 2: Systems utilizing different sale prices of electricity. Lifespan of 10 years, discount rate of
0.1, operating cost rate of 0.05.

Table 3, found on the next page, compares systems evaluated using discount rates of 0.1, 0.15,

and 0.2.
Discount Oil Inlet Etj;nglgz Ex;i?ltger FirstLaw | TE Hex | Overall | Weighted
Rate | Temperature Number | Depth, L Efficiency | Cost | Cost | Cost NPV
°C m $W | W | $W
0.1 40 650 0.6435 1.58 0.206 | 0.540 | 0.746 1.409
0.15 40 700 0.5972 1.53 0.201 | 0.481 | 0.682 1.086
0.2 40 750 0.5467 1.47 0.196 | 0.428 | 0.623 0.852

Table 3: Systems evaluated using different discount rates. Price of electricity is $0.10/kWhr, lifespan
of 10 years, operating cost rate of 0.05.

The next two tables explore special cases. Table 4 contains the parameters of a worst

case simulation. The price of electricity used was $0.03/kW-hr, the discount rate was 0.2, the

operating cost rate was 0.15, and the lifespan of the system was 5 years.

Oil Inlet gg';nggi EX;i?\‘ger FirstLaw | TE | Hex | Overall | Weighted
Temperature Number Depth, L Efficiency | Cost Cost Cost NPV

°C m $/W W $W

45 1450 0.1031 0.43 | 0.1203 | 0.1435 | 0.2637 | 0.0173

Table 4: A worst case system with lifespan of 5 years, electricity price of $0.03/kWhr, a discount rate
of 0.2, and an operating cost rate of 0.15.
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Table 5 contains optimized parameters for a system using a hypothetical $15,000 per cubic
meter heat exchanger. All previous simulations used a heat exchanger price of $7500 per
cubic meter. The price of electricity used was $0.10/kW-hr, the discount rate was 0.1, the

operating cost rate was 0.05, and the lifespan of the system was 10 years.

Heat . Flue Gas Heat . .
Exchanger | . Oil Inlet Reynolds | Exchanger gf'ert Law CT E X gext Oc\;/er?ll W?\;%Q;ed
Cost emperature | '\ 1 Depth, L iciency | Cos 0s 0S
$/m"3 °oC m SW | $W $W
7500 40 650 0.6435 1.58 0.206 | 0.540 | 0.746 1.409
15000 40 850 0.504 1.39 0.189 1 0.735 | 0.925 1.132

Table 5: A system utilizing a heat exchanger design of twice the unit cost as previous simulations.
Electricity price is $0.1/kWhr, discount rate is 0.1, lifespan is 10 years, and operating cost rate is 0.05.

The final table examines the operating parameters of the heat exchanger for the
lifetime and electricity price cases detailed in Tables 1 and 2. For all cases the discount rate

was 0.1 and the operating cost rate was 0.05.

System | Price of Oil Qil Air Inlet Air cr Power | Exergy | Blower
Lifespan | Electricity | Inlet Outlet Outlet Density | Ratio | Power
years | $/kW-hr | °C °C °C °C kw/m®

5 0.10 40 130.18 150 64.33 0.95 18.08 0.633 | 0.138
10 0.10 40 133.85 150 60.85 0.95 13.89 0.687 | 0.109
15 0.10 40 135.26 150 59.50 0.95 12.90 0.700 | 0.119
10 0.03 40 115.78 150 78.01 0.95 31.13 0.472 | 0.134
10 0.05 40 127.75 150 66.64 0.95 20.91 0.597 | 0.158
10 0.10 40 133.85 150 60.85 0.95 13.89 0.687 0.109

Table 6: Operating parameters for the system lifespan and electricity price cases from Tables
1 and 2. Inlet and outlet temperatures were from the flue gas to oil heat exchanger.

The data contained in the tables above relies on a specific heat exchanger design
operating at a specific set of parameters. To explore how an optimized design would behave

under daily fluctuations in oil and flue gas flowrate, a single design with set parameters was
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exposed to different values of C*. Figures 4-7 plot the response of the first heat exchanger

specified in Table 6 to changes in C*.
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Figure 4: Power density as a function of C* for a fully specified heat exchanger.
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Figure 5: Exergy ratio as a function of C* for a fully specified heat exchanger.
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Figure 6: Temperatures of the oil outlet stream (upper line) and air outlet stream (lower line) as
functions of C* for a fully specified heat exchanger.
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Figure 7: Power density as a function of exergy ratio in a fully specified heat exchanger, found by
varying C*.
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5. Discussion

The model successfully optimized designs of the flue gas to oil heat exchanger while
producing positive net present value using thermoelectric material of ZT value 0.8. A number
of interesting correlations emerged that could help guide flue gas TEG system designers in the
future.

All optimized systems favored 40° C oil inlet temperatures and C* values greater than
0.95, as shown in Tables 1-6 and figures 4 and 5. It is obvious from Equation 19 that large
temperature differentials and unity C* result in high exergy ratios, thus resulting in high a
volume of produced electricity. Additionally, system efficiency was inversely proportional to
Reynolds number. This also is understandable given that pressure loss and thus pumping
power increase with Reynolds number.

Figure 3 and Table 6 show that high heat exchanger power densities and high exergy
ratios do not occur together. This is somewhat intuitive in that high exergy ratios, those on
the order of 0.6-0.75, require large surface areas for high heat transfer to the thermal oil. As
the heat exchanger grows, its volume increases and its power density decreases. The most
effective systems from an exergy standpoint had power densities near 15 kW/m’. Conversely,
high power densities, in this case those upwards of 70 kW/m®, were achieved by infinitely
thin heat exchangers that only captured a small portion of the heat in the flue gas stream,
resulting in exergy ratios near 0.05. Thus the model was tasked with balancing the emphasis
on power density or exergy ratio in order to maximize profit.

The lifespan of the system plays a significant role in the design choices the model
makes. Table 1 shows that the NPV of the fifteen year system is three times the NPV of the

five year system. It is also apparent that larger heat exchangers and thus higher exergy rates
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are more favorable in the long term, as the fifteen year system had a flow length of 0.7 m and
an exergy ratio of 0.700 while the five year system had a flow length of 0.56 m long and an
exergy ratio of 0.633. The role of the initial cost of the system is minimized by the extra
electricity generated over time. Since the lifespan of neither the heat exchanger nor the TEG
stack is currently known, it is reassuring to know that systems with short lifespan are still
economically valuable.

The price of the electricity produced also significantly effects heat exchanger size, as
seen in Table 2. As the value of the electricity produced decreases, so too does the thickness
of the heat exchanger. A price drop of $0.05 per kW-hr corresponded to a 0.13 m shortening
of the heat exchanger flow length. The power density of the $0.03 per kW-hr system was
31.13 kW/m®, or more than double the power density of the $0.10 per kW-hr system.

Electricity price is a relevant parameter because it varies regionally, but also because
an electricity wholesaler who uses the system will value electricity much lower than an
industrial consumer who is using the system to reduce his electricity consumption. A utility
would prefer a high power density but low initial cost system, whereas an industrial or
commercial user would prefer a larger, more efficient system that can generate more
electricity per unit of flue gas.

Table 3 and shows the effect of discount rate on the design of the system. High
discount rates have the same effect as low electricity prices because they decrease the value of
future cash flows. Thus, as discount rate increases, the value of the project decreases and
lower initial cost systems become more favorable. The same result is seen when the operating

cost rate is increased, as shown in Table 4, however the effect is much smaller.
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To explore the limits of the model, two extreme cases were optimized and together
they created a strong argument for the feasibility of a TEG system. The first case, detailed in
Table 5, used the extreme values for lifespan, discount rate, operating cost rate, and electricity
price used in previous optimizations, but the model was still able to generate a design with a
positive NPV of 0.017, or roughly 1% of the NPV of the more realistic systems The second
case, shown in Table 6, was optimized using the base system parameters but with a doubled
cost per volume of the heat exchanger. The model compensated for the high heat exchanger
cost by slightly shrinking the depth of the heat exchanger. The resulting NPV of 1.132 was
competitive with more conservatively priced designs, however the cost per watt of $0.96 was
almost $0.20 higher than other designs.

Overall, the model was able to generate positive NPV systems despite a range of
reasonable and extreme values for lifespan, operating cost rate, discount rate, and price of
electricity. All systems modeled had a cost per watt between $0.26 and $0.96, values which
are comparable to a number of renewable technologies. For firms not versed in the NPV
method, a low cost per watt may be an important selling point.

Future work will involve including costs of the ancillary system equipment, including
the blowers, oil pumps, ducting, and electricity conditioning hardware required for a complete
system. Additionally, heat exchanger design firms should be employed to minimize the cost
of the heat exchanger, as currently the heat exchanger accounts for more than 65% of the
initial system cost in most designs.

The system appears promising and will only become more feasible as the quality and
efficiency of thermoelectric materials continues to increase. However, significant challenges

lay ahead before a commercial system can be put in place. One of the largest tasks is the
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design of a robust TE heat exchanger. Currently no easy commercial solution exists, and the
durability of research systems, including the porous copper systems being explored in Prof.
Gang Chen’s lab, is largely untested.

Overall the model and optimization strategy outlined in this paper demonstrated that a
TEG based flue gas waste heat to electricity system, as it is was herein defined, is not only
economically feasible, but also beneficial to a firm that installs it under the NPV capital
budgeting criteria. The model produced value adding designs based on a wide range of time
and budgeting constraints. Further work, in the form of modeling and real-world
experimentation, should confirm the findings and assumptions in the study and hopefully lead

to commercially available systems.
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Appendix A

Table 9-4 Surface Geomeltry, Flow Normal to Banks of Finned Tubes

{a) Gircular tubes, circular fins

Fin outside Transverse | Longiodinal | Hydraulic Heat transfer avea,’
i E ; 4 towl volume & | Fin areas’

Finarea/

total area

0913

0.950
Fin area/
total area

( 0.12 3 | oonso | 350 0.795
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Figure A-2: Dimensions of continuous fin and flat tube finned-tube heat exchangers, from Kays and
London.
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Fig. 10-91 Finned circular tubes, surface 8.0-3/8T.
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Figure A-3: Dimensions of surface 8.0-T, from Kays and London.
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