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Abstract: Thermoelectric generators (TEGs) offer an attractive power generation option. They have no
moving parts, are robust and emit no pollutants. The current work explores the integration of high
temperature TEGs in gas turbine combustors. The latter have a thermal shield at their inner surface
to protect them against high temperatures. This is supplemented by convective and film cooling.
This work studies the replacement of the thermal shield with high temperature TEGs and evaluates
their techno-economic potential. A gas turbine model is developed and validated to compute the fuel
and air flow rate in the combustion chamber. A heat transfer model is subsequently implemented to
compute the temperature distribution inside the combustor wall, on which the TEG is constructed.
The investment in TEGs is then analyzed for peaker, intermediate load and base load gas turbines.
The work concludes with a sensitivity analysis of the investment economic performance. It is concluded
that, despite the low power generation, the installation of TEGs makes economic sense, even if their
price becomes 50% higher than current estimations. It is also concluded that electricity prices have a
much stronger effect on the economic viability of the investment than the price of the generators.

Keywords: thermoelectric oxide generator; gas turbine; combustor cooling; combined cycle; hybrid
energy conversion

1. Introduction

Thermoelectric generators (TEGs) operate in a manner very similar to thermocouples, but have
a much higher Seebeck coefficient and factor of merit. Typically, a thermoelectric module consists
of a positive (p) and a negative (1) leg of different (or the same) thermoelectric materials connected
electrically in series and thermally in parallel. The two legs are fixed between two plates that provide
mechanical robustness and electric insulation from the environment [1]. This material is in most cases
a ceramic or a polymer, for high or low temperature applications, respectively [2]. TEGs offer a very
attractive power generation option. They have no moving parts, are very robust and reliable and,
depending on the application, they emit no gaseous pollutants. Despite these advantages, the use
of rare, sometimes toxic and expensive materials for their production, their high installation costs
and their low heat-to-electricity efficiency limit their practical applications [3,4]. The most prevalent
application has been in space exploration, where radioisotope thermoelectric generators have been the
main electricity providers of deep space probes [5]. In recent years, several pilot and demonstration
activities in other fields have been presented. The automotive industry has been particularly interested
in harvesting power from the exhaust heat of engines [5]. The combination of thermoelectric generators
with renewable energy sources, in particular geothermal and concentrated solar, has been another very
active field [6].
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Intensive research and development on thermoelectric materials have led to a continuous increase
of their efficiency, while at the same time reducing the use of toxic and rare materials. Especially
in the field of high temperature materials, the developments in thermoelectric oxides and silicides
are quite promising [7]. This also motivated recent efforts to integrate thermoelectric generators in
various combustion chambers, be it in residential heating [8], waste incineration facilities [9] or steam
generators [10].

Despite these efforts, studies on the combination of thermoelectric generators with gas turbines
have been rare. TEGs have been mostly considered as a bottoming system that makes use of the exhaust
heat of gas turbines [11]. However, their low efficiency and relative high installation costs makes
competition against conventional combined cycles less favorable. Other researchers have studied
theoretically a system that operates as a topping cycle for gas turbines [12,13]. In this case, a high
temperature thermoelectric generator directly utilizes the high temperature heat of a flame and rejects
heat at a relatively lower temperature. A heat exchanger transfers this heat to the working medium of
a bottoming Brayton cycle. Although this idea may enhance the efficiency of gas turbines with low
Turbine Inlet Temperature (TIT), its application is limited by the availability of heat exchangers that
can operate at such temperatures. Furthermore, combustion at very high temperatures is not a feasible
option mainly due to NO, emissions, which increase exponentially with flame temperature.

The current work explores the possibility of integrating, and not just combining, thermoelectric
generators in conventional gas turbine combustors. The latter are considered here as typical heat
exchangers, in the hot side of which a flame is operated. Their cold side is fed with cooling air from
the compressor to keep the combustion chamber wall below its melting temperature. State of the art
gas turbine combustors operate with flame temperatures around 2000-2500 K and already have a
ceramic thermal shield at their inner surface. This ceramic shield is the first protection measure that
is supplemented by active convective and film air cooling. It is the aim of this work to investigate
the possibility of replacing this thermal shield with high temperature thermoelectric generators and
evaluate their technical and economic potential and their impact on the total heat flux across the
combustor wall.

2. Methods and Modeling Approach

Modern gas turbines operate at turbine inlet temperatures well above the melting point of their
combustor’s materials. This is possible due to very sophisticated cooling systems and ceramic shielding
of the parts that experience the highest thermal loads. Cooling is realized by extracting part of the
air leaving the compressor and directing it to the hot gas path components, while the remaining
air enters the combustion chamber. The latter air stream is in turn split in two, one taking part
directly in the combustion reaction and the other used to cool the walls of the chamber. To compute
the power generated from thermoelectric generators installed in a gas turbine combustion chamber,
the temperature distribution in the walls of the chamber must be first calculated. This can be achieved
only if both the chamber geometry and the air and fuel mass flow rates are known.

The multi-level modeling approach adopted in the current work is depicted in Figure 1. On a
first level, a full gas turbine thermodynamic model, with the respective secondary air system, is built
and validated. This model computes the flow rate, pressure and temperature of the working fluid
in all major stations of the gas turbine process. This way, the air flow rate used for cooling and
sealing in the turbine expander is estimated along with its temperature and pressure. The same model
delivers values of the air and fuel flow rates entering the combustion chamber, along with their inlet
temperature and the outlet temperature of the exhaust gases. On a second level, a separate model of
the combustion chamber is developed to compute the mass flow rates of the air streams in its interior
and the temperature distribution in its walls. The wall temperature distribution is first computed in
a conventional combustion chamber with ceramic heat shields as a benchmark case. Subsequently,
the heat shields are replaced by high temperature thermoelectric generators (TEGs) and the wall
temperature distribution is computed again. This result is fed in a final model that computes the
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power generated from the TEGs for the available temperature difference across them. For each TEG
configuration (length, fill factor, etc.), the detailed combustion chamber model is used anew to compute
the new wall temperature distribution. The modeling approach is depicted graphically in Figure 1,
whereas the details of the models are given in the following sections.
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Figure 1. Overview of the applied modeling approach.

2.1. Gas Turbine Model

The Joule-Brayton cycle is typically used to model gas turbine processes. Figure 2 shows the cycle
temperature-specific entropy diagram for its ideal and non-ideal versions. For the calculations of the
current work, the non-ideal cycle with the following assumptions is used:

¢  The working fluid is considered a real gas and its properties are expressed as functions of
temperature.
The compression process is adiabatic with a given constant polytropic efficiency.
During the combustion process, an amount of fuel remains unburned which is taken into account
by the combustion efficiency. Additionally, the combustion products are taken as the working
fluid of the turbine expander.

¢  The expansion process is divided in stages and the effect of cooling air injection is taken into
account in the adiabatic expansion of each stage.

Ty

’s
Figure 2. Temperature-specific entropy diagrams of the ideal prime 12'3'4’ and real 1234 Joule-Brayton cycles.

Modelica and its open source platform OpenModelica 1.9.6 was chosen for the simulation of the
gas turbine operation [14]. Its ThermoSysPro library [15] has been applied with minor modifications
on the compressor and turbine models. The combustion chamber model has been modified to define
the firing temperature as a parameter instead of the fuel mass flow rate. This is necessary when
the secondary air system of the gas turbine is accounted for, because the computation of the cooling
air mass flow rate strongly depends on the combustor outlet temperature. Apart from this change,
the model used to calculate the combustion process is inherited from ThermoSysPro model.

2.1.1. Secondary Air System Modeling

The secondary air system model calculates the cooling air mass flow rates for each turbine
blade row and the pressure losses associated to the mixing processes, and is based on the works of
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Kurzke [16] and Horlock [17]. The effect of cooling is considered on individual blade rows, which we
describe here for one turbine stage.

Figure 3 presents the h-s diagram of the expansion in a cooled turbine stage according to the
applied model. It is divided into three sub-processes, in the first of which the turbine stator cooling air
is mixed to the main exhaust gas stream before its expansion in the rotor. The pressure drop due to
the mixing process is taken into account by an appropriate pressure loss coefficient. The expansion of
the resulting stream in the rotor is modeled in the same way as in an uncooled expander. This way,
the coolant stream added at the stator stage will generate work. Finally, the rotor cooling air stream is
mixed with the expanded gas at the outlet of the rotor blade. In this case, the air flow will generate
work only in the succeeding turbine stage.

h

Stage inlet
1.~

Rotor inlet r/——//‘ Stator cooling

A

3 Rotor outlet

Rotor cooling

S

Figure 3. Expansion model in a cooled turbine stage after [16,17].

The cooling air flow rates are computed based on the assumption that the external Stanton number
St¢ remains constant as engine design parameters TIT and compression ratio are changed [17]. For the
respective model, the chosen cooling system technology level, its effectiveness and a pressure loss
coefficient are presented in Table 1. The blade material temperature, although being a parameter, is not
included in this table as it varies on each blade row.

Table 1. Cooling system model parameters. Values taken from [17].

Parameter Symbol Value
Cooling efficiency n 0.8
Film cooling effectiveness ep 0.4
Level of technology constant C 0.045
Pressure loss constant K 0.07

On top of these calculations, the expansion ratio of each turbine stage (x.yp;) must be defined.
This is done manually under the condition that the cooling pressure loss ratio 77,5407 is taken into
account for each stage [17].

2.1.2. Gas Turbine Reference Case and Model Validation

The Siemens SGT5-4000F gas turbine is chosen as a reference case for the validation of the cycle
model. Its main design and operational data are shown in Table 2. The gas turbine consists of a
15-stage axial compressor, an annular combustion chamber with heat shields and a four-stage turbine.
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Three of the four stages of the turbine are film cooled and equipped with thermal barrier coatings.
The schematic of the process is depicted in Figure 4.

Table 2. Reference gas turbine design and operational data.

Gross power output [MW] 292
Gross efficiency [%] 39.8
Exhaust temperature [K] 850
Exhaust mass flow [kg/s] 692

Pressure ratio 18.2
Turbine stages 4
Cooled turbine stages 3
3 » Combustor 4
K
Exhaust
Fuel As
\ 4
Cooled Uncooled :]
Compressor Turbine Turbine
K
2 Stator cooling air
&
Rotor cooling air
Airinlet

Figure 4. Schematic of the reference gas turbine model.

Air enters the compressor at atmospheric conditions and gets compressed to approximately 18 bar.
Six cooling air streams are extracted at the compressor outlet and are fed into the three first turbine
stages. The remaining air is fed to the combustor that has an exhaust temperature of approximately
1700 K. The exhaust gas is then directed to the cooled turbine, where it expands to enter the exhaust
duct, where a 3% pressure drop is assumed to occur. Table 3 presents the model parameters in detail
along with the chosen expansion ratio distribution for the turbine stages. The polytropic efficiencies
have been estimated based on the performance data of the reference gas turbine. The efficiency
reduction due to the cooling air injection has been chosen based on [18]. The pressure ratio distribution
and the blade temperatures for the cooling air flow rate calculation were computed according to the
considerations of Young et al. [19,20].

Table 3. Model parameters.

Symbol Value

Compressor TTC 18.2

1c 0.92
Turbine TlTstage 0.28/0.26/0.24/0.22
Cooled stages nr 0.865
Uncooled stage  #1 0.885
Combustor Tyt 1700 K

Tce 0.95

NComb 0.99
Cooling system Ty 940-1150 K
Atmosphere Po 101,325 Pa

To 288.15 K

¢ 20%

Table 4 shows the simulation results and their comparison to the performance parameters
published by the manufacturer of the reference gas turbine. It can be seen that the relative errors
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of overall efficiency and exhaust temperature are insignificant. Nevertheless, there is a slight
overestimation of the gross power output (relative error 3%). As the efficiency and expansion
distribution values have been estimated, discrepancies may appear in comparison to the theoretical
ones. Regarding the results of the cooling system, the total coolant mass flow rate is 113.5 kg/s,
meaning that around 17% of the compressor mass flow rate is used for cooling of the turbine blades.
This is a common value found in the literature [17,20]. At any rate, the results offer a good estimation
of the combustion chamber inlet conditions.

Table 4. General simulation results and validation.

Performance Parameters OEM Data Calculated
Gross power output [MW] 292 301

Gross efficiency [%] 39.8 39.7
Exhaust temperature [K] 850 852
Exhaust mass flow [kg/s] 692 692
Coolant fraction [%] - 16.87

Total coolant mass flow [kg/s] - 113.5

2.2. Combustor Model

The aim of the current work is to study the power generation potential of thermoelectric generators
when they are integrated in the liner wall of a gas turbine combustor. The power generated from TEG
depends on the temperature difference across them. This temperature distribution will result from a
study of the heat transfer conditions in the combustion chamber.

To simplify the analysis and make the findings easier to evaluate, a tubo-annular combustion chamber
is modeled as a co-flow heat exchanger with a complex wall structure (Figure 5). The inlet conditions of the
combustion chamber are taken from the gas turbine model, described in the previous section. Combustion
takes place in the inner side of the chamber and cooling air flows in the outer annulus.

The temperature distribution in the combustor is computed based on the recommendations of
Lefebvre and Ballal [21]. The applied model computes the convective and film cooling heat transfer
coefficients along with radiative heat transfer from the hot gas side and assumes one-dimensional heat
transfer through the inner combustor wall. The outer wall of the chamber is taken as perfectly insulated.

| |
[dcasing q COO“ng air annulus

——

— > Film cooling slot
! [ |
Cooling hole _— v
tw | [T i |

,,,,,, . 1t 1 Heat shield, or TEG
i S ) v

[ wcc ts Xs

— Combustion chamber

Figure 5. Sketch of the combustion chamber geometry.

The studied chamber has seven film cooling slots at a distance of 5 cm from each other and a
cooling hole at the end of each film cooling region. The distance of the slots and holes is chosen so that
the film of air is not perturbed. Ideal mixing is assumed between the hot combustion gases and the
film cooling air. Furthermore, it is assumed that the hot gases’ compositions remain the same along
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the length of the combustion chamber. The cooling air that does not flow through the film cooling slots
and holes is mixed with the main stream at the end of the chamber (not shown in Figure 5). A sketch
of the chamber geometry along with the geometrical assumptions [20,22] made for the film cooling are
presented in Figure 5 and in Table 5.

Table 5. Combustion chamber geometrical characteristics and film cooling parameters.

Name Symbol Value
Casing diameter [m] dCasing 0.29
Combustion chamber length[m] Lec 0.55
Inner liner wall diameter [m] dwee 0.212
Wall thickness [m] tw 0.01
Ceramic heat shield layer thickness [m]  frpc 0.0015
Nimonic wall thickness [m] t Metal 0.0085
Length of calculation element [m] X 0.01
Depth of film cooling slot [m] s 0.0035
Distance downstream of slot [m] Xs 0.01
Slot lip thickness [m] ts 0.0014
Film cooling mass flow rate [k?g] Tilg 0.37
Cooling mass flow rate [k?g] Tite 0.8

The depth of film cooling s determines the liner wall diameter variation. After every film cooling
slot, the liner wall inner diameter increases as shown in the following equation:

dWi+1 :dwl.+2-s 1)

In contrast, the outer casing diameter remains constant along the axial length, resulting in a
reduction of the annulus flow area after every film cooling slot.

2.3. Thermoelectric Generator Model

As part of the combustor liner wall, the thermoelectric generator replaces the ceramic heat shield
layer, as depicted in Figure 6. It is placed between the hot combustion products, which become its
high temperature heat source, and the metal liner, which is its heat sink. Two thin ceramic insulation
layers, on which the semiconductor materials are fitted, are still present to protect the TEG from the
aggressive hot combustion gases and insulate its cold junction from the liner metal wall.

Coolling air, Tan =

T 1 <

TW T 6meta|

Trecc e
Lres

- Omc

1o

Combustion gases,Tcc mm—p

Figure 6. Sketch of the combustor liner wall, equipped with the TEG and the respective computation
stations for the solution of the heat balance equations.
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The introduction of TEG in the combustion chamber does not affect its basic geometry.
The diameter of the metal liner wall remains the same as in the case with simple ceramic heat shield.
The number of junctions in the TEG and its length “L” (see Figure 6) depend on its materials and the
techno-economic optimization of the heat transfer system.

For the application of energy conservation at the hot and cold junctions, four energy transport
mechanisms are taken into account, which result in Equations (2) and (3) for the hot and the cold
junction, respectively [23,24].

1
QH:PTE+Qcond7Q]oule:nTEG'S'I'TH+k‘ (TH*TC)*E'R'IZ 2)
1
Qc = Pre + Qcond + Qjoute = 11eG-S-1-Te + k- (TH_TC)+§'R'12 ®3)

In these equations, Qp and Q¢ are heat input from the heat source to the hot junction and the heat
output from the cold junction to the heat sink, respectively. Qjo,. represents internal resistive heating,
while Prg is the electrical energy output from thermoelectric effect Prg. Finally, Q.4 corresponds to the
heat conducted from the hot to the cold junction. It may be assumed that the Joule heating is equal for both
junctions, since the temperature profiles for the studied materials are nearly linear [23,25]. The generated
electrical power and the efficiency of the TEG can be thus given from Equations (4) and (5).

Py=Qu—Qc=nrec-S-1-(Ty—Tc) —R-I? (4)
Pel

= — 5

TTEC = 0y ©)

For the computation of the temperature distribution in the TEG and the liner, the same convective
and radiative heat transfer models are applied as in the reference case. The heat balance statement for
the two TEG junctions can be developed to a closed system of five independent equations with the five
wall temperatures as unknowns (see Figure 6). The system is solved under the assumption that the
total wall thickness is small compared to its length (i.e., the same heat exchange surface is assumed
both at the cold and the hot end).

krpc
Qconv + Qrad = w—— * Awan* (Twee — TrEGY) (6)
OTBC2
krpc 1 2
5 - Awair - (Twee — Tregy) = n1eG - S+ 1- Trec,, + k- (Trec, — Trece) — 5 R-I ()
TBC2
1 k
nreG S+ 1 Trece +k- (Trecy — Trece) + 5" R-I* = (5;:;2 “Awan - (Trece — Tw;) )
krsc “Awan - (Trege — Tw,) = Katetal “Awair - (Tw; — Tw ) ©)
OTBC2 " OMetal :
K etar
75Mem “Awan - (Tw; = Tw,ay) = hea* Awar - (Tw,y — Tan) (10)
Metal

2.4. Thermoelectric Module Optimization Model

Up to date, TEGs have demonstrated efficiencies (see Equation (5)) in the region of 2-3% [4]. It is
thus expected that the generated power from the proposed system will be relatively low, compared to
that generated by the host gas turbine. Hence, a simple power output optimization of the TEG would
not make much sense if it was not supported by a techno-economic optimization. In other words,
materials and geometrical characteristics have to be optimized on a techno-economic basis. On the
other hand, the economic evaluation of high temperature TEGs is challenging, because they have not
reached commercial maturity yet. Under this premise, the TEG optimization in this work relies on the
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work of LeBlanc et al. [3] and the material prices reported in it. For the same reason, the following
analysis is more an attempt to identify the most important parameters that affect the financial viability
of TEGs, rather than providing absolute numbers for their economic performance.

The figure of merit of a thermoelectric material relates its properties to the device efficiency but
does not take into account costs. Much more appropriate for the intended optimization is the use of
the specific power generation costs (Equation (11)).

C
G = 7 (11)

The installation and operation of TEGs in the configuration in question will incur only investment
costs, while no additional operating and maintenance costs will be present. The investment costs
include the volumetric (C"”') and areal (C"”) TEG module costs and the heat exchanger costs for the
energy conversion system [3], and can be expressed by Equation (12).

C=(C" Lrgc+C") -A-F+Cpx-U-A (12)

where F represents the fill factor of the TEG module, UA is the overall heat transfer coefficient of the
heat exchanger and Cpyx is the specific costs of heat exchanger ($/WXk). The fill factor is defined as
the ratio of the area covered by the active thermoelectric material to the plate area of the TEG module
(cf. [3]). In the current work, the heat exchanger is the combustion chamber and the respective costs
have been neglected. In addition to the thermoelectric system cost, balance of plant and installation
costs are estimated each as a 10% of the total system costs [26]. The resulting total cost of the TEG is
thus 20% higher than that resulting from Equation (12).The optimization objective is to minimize G
while the TEG length, its fill factor F and its dimensionless figure m are being varied. The latter is
defined as the ratio between the electrical load resistance R; and the internal resistance of the module
R. According to LeBlanc et al. [3] (Equation (13)), the value of m that minimizes G is the load matching
condition m = 1. Hence, the two final design parameters to be optimized are L and F.

In general, as the TEG leg length or its fill factor decrease, less material is used and the costs
are reduced. However, reducing the leg length also reduces the temperature drop between the
TEG junctions, resulting in less power output, which increases G. At the same time, manufacturing
feasibility must be taken into account as well, since the thermoelectric device cannot be arbitrarily
small. As stated in [3], there is not a minimum value for G, but there is a point of diminishing returns
at finite L and F. The task of the presented optimization is to find this point. This is done by fixing the
TEG fill factor F at values between 0 and 1 and computing the respective optimal leg length based on
Equation (13) from [3].

4-K.F

E-CM" -k
1+ 1+16 cmu

Lopt = (13)

For each combination of the two varying parameters, L and F, the power output, the cost
and G are determined and compared. From the thermoelectric materials presented in the work
of LeBlanc et al. [3], only nanostructured bulk silicon [27] and Al-doped ZnO [28] qualify for the
expected wall temperatures in a gas turbine combustion chamber, which are presented in Table 6.
The costs for each material are computed according to LeBlanc et al. [3].

Table 6. Thermoelectric materials used for the evaluation and their properties at 800 °C [27,28].

w S \4 k
k/ ﬂ 0’/ m SI ‘uT Pr ”Tgs
1 Si 11.8 164630 147 2330

2 (ZnposAlppp)O 1249 65525 150 5920
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Once these parameters, the design of the TEG, its costs and the power it generates are defined,
and the net present value and the internal rate of return for the respective investment are computed.
The former is computed with Equation 14, where N is the lifetime of the investment in years, CF is the
net cash-flow of each year and “i” is the discount rate used to project each cash-flow to the starting
year of the investment. The internal rate of return (IRR) is the discount rate value that results to a net
present value equal to zero.

NPV = - Chu 14
B n; (1+0)" (14)

The annual cash flows are the difference between the generated income and the incurred costs. In
the system in question, income is generated by selling electricity, whereas only the initial installation
cost is accounted for (see Equation (12)).

3. Thermal Analysis Results and Discussion

The present section focuses on the results of the combustion chamber thermal analysis and the
dimensioning of the TEGs. The combustion chamber with ceramic heat shields and film cooling is
studied first. This is used as reference for the combustion chamber with thermoelectric generators.
The temperature distribution in the TEGs is the topic of the second part of the section.

3.1. Temperature Distribution in the Reference Combustion Chamber

The gas and liner temperatures along the length of the combustion chamber are presented in
Figure 7. The highest temperature is that of the combustion gases. The sudden temperature drop at
seven points along the length of the chamber are caused from the injection of film cooling air at the
respective slots in the liner wall.

2500
o] - » Cooling air
M : Metal Wall
o 2000 N\
S —_ » Combustion gas
IS
-
Q
3
5]
=
2

00000000000000000000000000000000000000000000000000000000

500
0 10 20 30 40 50 60

Combustor length, cm

Figure 7. Temperature variation at various points across the conventional combustion chamber wall.

This effect can also be recognized at the liner inner wall temperature, presented in the same figure.
It is interesting to emphasize that the effect of film cooling is no longer appreciable after 0.05 m and a
new cooling air slot is necessary to keep the wall temperature from rising. It can also be observed that
the cooling air injection effect is less pronounced closer to the outer surface of the wall. In addition,
one cannot fail to observe that, once film cooling ceases, the wall temperature recovers, albeit at a level
below that at the chamber entrance, since the exhaust gas has a lower temperature.

In terms of temperature values, the inner liner wall reaches a maximum temperature of 1320 K,
which is within the operational limits of ceramic materials. Furthermore, the average temperature
of the ceramic heat shield along the length of the chamber is 1130 K. The thermal insulation by the
ceramic shield results in a lower maximum temperature of the combustor metal wall, which is equal
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to 1150 K. Similarly, the average liner temperature is 1020 K. These values are in line with the values
reported in literature [21].

At the end of the chamber length, the two streams (exhaust gas and cooling air) are mixed and
the resulting temperature is equal to that of the global gas turbine model presented in Section 2.1.2.

3.2. Temperature Distribution in the Combustion Chamber with TEG

In this section, the temperature distribution in the combustion chamber with TEGs is presented
for generators made of Si. The second TEG material in Table 6 has comparable heat conductivity and
the results are representative for both. The case presented in Figure 8 corresponds to the operation of
the combustion chamber with the optimum design of the TEGs (see Section 3.3) and at the current
value that results to maximum power generation. In Figure 8, it can be observed that the temperature
distribution along the wall follows the same trend as in the previous section.

2500
o » Cooling air

N z Metal Wall
2000
S ot » Combustion gas
Nt
<
=
21500
g
O .....................
[_' ~f00a. SRRTDRRN opassassnnnns, eeeeaeenans,
— (<4 V"mwvmv e e,
<1 000909000060000, o

00000000000000000000000000000000000000000000000000000000

500
0 10 20 30 40 50 60

Combustor length, cm

Figure 8. Temperature variation at various points across the combustion chamber wall with TEGs
made of Si. Fill factor: 21%, L1gg:0.0011 m, I: 23.5A.

Although the TEG material has a higher thermal conductivity than the TBC material, the relatively
low fill factor of the TEG modules results in a comparable heat conductivity of the module and the
TBC. By the same token, very similar maximum and average temperatures are observed across the
combustion chamber. More interesting in this case is the temperature change across the TBC and the
TEG. More specifically, Figure 9 shows that the TEG operates at a slightly lower temperature difference
compared to that of the ceramic heat shield.

o0
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N
S

[\
[}

—_
(=
(=]

Temperature Difference, K

(o]
(e
S

10 20 30 40 50 60
Combustor length, cm

Figure 9. Temperature difference across the ceramic heat shield and the TEG along the length of the
combustor, for the case TEGs made of Si. Fill factor: 21%, L1gg:0.0011 m, I: 23.5A.
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3.3. Dimensioning and Power Generation from the TEGs

As already discussed in Section 2.4, the TEG design should be techno-economically optimized.
The parameters to be optimized are the leg length, the fill factor and the operation current for each
TEG. Figure 10 presents an example for the power output of a TEG as a function of the current for two
points along the length of the combustion chamber.

100
—x=0.0l m

=+x=0.50 m

O
(e

Electric Power, W
o0
[w)

10 12 14 16 18 20 22 24 26
Electric Current, A

Figure 10. Example on the dependency of a TEG power output on its operation current at two points
along the combustion chamber.

The power generated close to the inlet of the combustion chamber is higher, because the
temperature gradient over the TEGs is higher (see also Figure 9). It is also interesting to mention that
the optimum operational electric current is reduced for lower temperature gradients across the TEG.
Ideally, the current sent to each TEG would be chosen to maximize its power generation for a given
temperature difference. This would however lead to very complicated power electronics and high
costs for this installation. Instead, in the current work, we assume that all TEGs are fed with the same
current and are connected electrically in series. The current value is then chosen in such a way that the
cumulative power generation from all TEGs is maximized.

The optimization procedure followed in the current work for the dimensioning of the TEGs and
the computation of their power generation comprises the following steps:

1. A value is chosen for the fill factor of the TEGs.

2. Annitial guess for the TEG leg length is made.

3. A value for the operation current of the TEGs is chosen.

4.  The heat transfer model from Section 2.2 is applied to compute the temperature distribution across
the combustor wall at each point along its length. This computation delivers the temperature
distribution in each TEG.

5. The power generation of each TEG is computed.

6. The optimum TEG leg length is computed, based on Equation (13)

7. The optimum current for each individual TEG is calculated iteratively by changing its value and
performing the computation Steps 3-6.
8. The cumulative maximum power P from all TEGs in the combustor is computed.
9.  The cost functional G is computed for the given set-up of the TEG.
10.  The next value of the TEG fill factor is chosen and Steps 2-9 are repeated.

Figure 11 shows the optimum leg length (see Equation (13) for each material of Table 6 as a
function of the fill factor F. As expected, the length of the TEG legs is increased for increasing fill
factors. This is mainly a result of the increase in the equivalent heat conductivity of the TEG for
higher fill factors. To compensate this effect, longer TEG legs are necessary to keep the temperature
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difference across the TEG at an optimum level. The results in Figure 11 are also an indication about the
manufacturing viability of each thermoelectric material. Generally, it is very important to install the
TEG in the combustion chamber walls with a minimum impact on the existing geometry. This way,
no changes will result on the flow field of the chamber and the efficiency of the combustion process.
Hence, the leg length must be comparable to the size of the TBC but at the same time the TEG must
extract enough power to make its installation profitable.

—Material 1
~-Material 2

0 20 40 60 80 100
Fill Factor, %

Figure 11. Optimum leg length (Equation (13)) of each TEG material in Table 6 as a function of the
fill factor.

Figures 12 and 13 present the maximum power output P in one combustion chamber and the
respective cost functional G as functions of the fill factor for the optimum TEG leg length presented
in Figure 11. In Figure 12, it can be seen that a maximum in power output occurs at low values of
the fill factor. This result is again expected mainly due to the increased temperature difference across
the TEG for low fill factors. For the materials in question, the minimum value of the cost functional
corresponds to a very small fill factor, which is not realistic in practical applications.

8000 .
—Material 1
! ~Material 2
6000
=
A?é 4000
54000\,
S RN
2000 e
0
0 20 40 v ) .

Fill Factor, %

Figure 12. Maximum possible power generation per combustion chamber as a function of the TEG fill
factor, for the values of Lo, presented in Figure 11.
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Figure 13. Cost functional as a function of the TEG fill factor.

Based on the above considerations, the TEGs’ fill factor has been chosen with the aim to minimize
their effect on the combustor’s operation. The latter can be either altered by changes in the inner
diameter—i.e., in the aerodynamic conditions of the combustor—or different wall temperatures.
The former influence is avoided by keeping the inner diameter of the combustor the same for the TEG
and the conventional thermal barrier. This leaves the average inner wall temperature of the combustor
as the sole criterion to choose the TEG optimum fill factor. The configuration of the combustor
with the simple ceramic thermal barriers results to an average inner wall temperature across its hole
length of 1228 K. Figure 14 presents the average temperature of the inner combustor wall along its
length as a function of the TEG fill factor, for the two TEG materials considered in the current work.
These materials have heat conductivity values that are approximately four times higher than that of
the conventional TBC (see Table 6).

1300 —Material 1
-+ Material 2
©-Conventional CC
R
31250
=
~
(&)
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s
o 1200
<

1150
0 20 40 60 80 100

Fill Factor, %

Figure 14. Combustor average inner wall temperature as a function of the TEG fill factor. The temperature
of a conventional combustion chamber wall is also presented for comparison.

Hence, the resulting TEGs must have a very small fill factor in order to have a combustor with
similar inner average inner wall temperature. At the same time, the optimum length of the TEG legs
(see Equation (13)) that results for these fill factors is very small, thus making their construction very
difficult. Consequently, the fill factor is chosen in a way that the resulting TEG has a minimum leg
length of 1 mm. The final design parameters for the TEGs made of the materials in question are shown
together with the most important performance parameters in Table 7.
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Table 7. TEG design parameters used for the case studies in Section 4. The power generation and cost
are per combustion chamber.

Material Popt Lopt/ m Pmux/ kW C/€ IPmax' A
1 0.21  0.0011 2.94 46.73 23.5
2 0.16  0.0011 2.79 28.94 20.5

The reference gas turbine from Section 2.1.2 has an equivalent firing thermal power of 24 tubular
combustion chambers resulting in a TEG power output of approximately 70.56 kW for Material 1 and
66.96 kW for Material 2.

4. Case Studies for the Operation of Gas Turbines with TEGs in the Combustion Chamber

The current section aims to answer the question of economic viability for the application of
thermoelectric generators in gas turbine combustion chambers. The three most common types of
gas turbine operations, and the respective operational limitations of the TEG installed in them, are firstly
analyzed. The section concludes by a sensitivity analysis on the basic parameters of the economic model.

4.1. Economic Performance of TEGs in Three Different Types of Gas Turbines

Generally, power generation facilities are categorized according to the amount of annual full load
equivalent operating hours in peaker facilities, intermediate load and base load plants. Peaker gas
turbines run when there is high demand of power and reach between 600 and 1000 equivalent full
load operating hours per year. Intermediate load gas turbines adjust their power output as demand for
electricity changes and operate usually between 2000 and 4000 h per year at their full load. Finally, base
load gas turbines are intended to continuously provide with energy whole regions or industrial areas,
and are in most cases part of a combined cycle power plant. Energy is produced at an almost constant
power and the full load equivalent operating hours normally lie between 5000 and 7000 h/year.

During the evaluation of an investment in TEGs for each type of gas turbine, it is assumed that
the TEGs will be replaced every time that the combustion chamber is inspected. Usually, TEGs are
known for their reliability and low maintenance needs, which can last up to more than 20 years in
very harsh operational environments [5]. Nevertheless, the application in question is very demanding
and the considered TEGs have not yet reached the technological maturity of the ones applied in space
missions. This is the reason the inspection time has been fixed in 16,000-18,000 h, which are typical
values for industrial gas turbines. the project lifetime for each case is set equal to 20 years, which is
a typical value for a general overhaul of gas turbine installations. Table 8 presents the time interval
between combustion chamber inspection and the replacement of the TEGs during the lifetime of the
project and for each gas turbine type.

Table 8. Types of turbine operation and replacement intervals of the TEGs installed in the combustion chamber.

Peaker Intermediate Load Base Load

Operating time 800 3000 & 6000 1
Inspection 16,000 K 18,000 K 18,000 K

The income generated by the investment in question comes from the additional electricity that
the TEG generates during its lifetime. The initial investment on the TEGs and the supporting power
electronic equipment is the only cost considered here. The cost for the TEG is taken from the values
computed in Section 3.3. As the TEGs generate DC power, a power electronics module very similar
to that of photovoltaic systems will be necessary to feed the power to the grid. Hence, the price
and efficiency of the power electronics module are taken from the report of the National Renewable
Energy Laboratory [29]. For the sake of simplicity, a fixed electricity price is considered in the current
study that corresponds to the average EEX German peak and base load prices for the year 2017 [30].
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The peak price is taken for the peaker gas turbine operation, while the base load price is used for the
income computation of the remaining two gas turbine types. Table 9 presents the basis assumptions of
the economic model.

Table 9. Basic assumptions for the economic evaluation of TEGs.

TEG installation cost per combustor see C at Table 7
Power electronics investment cost, € /kWpe 170 [29]
Power electronics DC-to-AC ratio 1.15[29]

Electricity price feed-in base load, €/kWh 0.035 [30]
Electricity price feed-in peak load, €/kWh 0.043 [30]
Investment lifetime, a 20
Interest rate for NPV , % 10

Table 10 presents the net present value and the internal rate of return for the investment in TEGs
that are installed in the combustion chamber of each gas turbine type. As expected, the TEGs installed
in the intermediate and base load system have a better economic performance, because they run for
many more hours and thus generate higher income. This also has. an effect of the relative low price
of the TEGs and their materials compared to the price of the power electronics module. In Table 10,
the total cost for the TEGs and that for the power electronics system are depicted. It becomes clear that,
although the TEGs for the intermediate and base load plant have to be replaced more often, their price
does not have a major impact on the economic performance of the installation. In fact, the power
electronics modules are 69-88% of the total investment cost for Material 1 and 77-92% for Material 2.

Table 10. TEG economic performance results based on the reference case presented in Table 9.

Peaker Intermediate Load Base Load

Mat.1 PEcost,% 88 80 69
NPVE 181.11 35,883 84,090
IRR,% 10.25 48.32 85.13

Mat.2 PEcost,% 92 86 77
NPVE 57522 34,812 81,202
IRR,% 10.88 51.85 95.4

Concerning the values of the internal rate of return and the net present value, Material 2
demonstrates a slightly better economic performance and both are very effective financially even for
peaker units.

4.2. Sensitivity Analysis of the Economic Performance

As already mentioned, high temperature thermoelectric generators have not yet reached a
technological maturity that would allow their reliable economic evaluation [3]. Nevertheless,
the current analysis can deliver a well studied answer to the question: Under which market conditions
could the installation of high temperature TEG in gas turbine combustors be economically viable?

To answer this question, combustors of aero-engines are not considered, mainly because of weight
considerations. The walls of these combustors are considerably thinner than these of stationary gas
turbines and they cannot afford the installation of relatively heavy TEGs. In the market of stationary
gas turbines and by considering the current global trends towards renewable energy generation,
gas turbines are mostly expected to operate as peaker units in the future [31]. Very large combined
cycle power plants will continue to come on line but their numbers will most likely decline as more
renewable power is installed in power systems across the globe. For this reason, only peaker gas
turbines are considered for the sensitivity analysis in question. The remaining two parameters of the
economic model with a considerable influence on the results and a high uncertainty about their values
is the electricity price (defines the income) and the installation cost of the TEGs.
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The starting point for the sensitivity analysis are the data presented in Tables 7-9 for the case of
the peaker host gas turbine. In a second step, one of the variables in interest is varied between 50% and
150% of the original values and the NPV and IRR is calculated for each case, while all other variables
are kept constant. This analysis is quite straight forward for the variation of the electricity price, since
this variable has no effect on the actual design of the TEGs. The price of the TEG materials influences
on the optimum leg length, the respective fill factor, and consequently on the design and thermal
performance of the TEGs. However, by looking at Equation (13), it becomes clear that the optimum
TEG leg length will change only if the relation between the volumetric and the surface construction
costs changes (C” and C" in Equation (13)). If this relation stays the same and only the total cost
changes, the design of the TEG will remain the same as the price is varied.

Figures 15 and 16 present the sensitivity analysis results for the internal rate of return of the
investment in TEGs made of Material 1, and the net present value of the investment in TEGs made
of Material 2, respectively. In these figures, it is clear that, although the cost of the TEG materials is
important for the economic performance of the investment, the price of electricity has a much higher
influence on the latter. In fact, a change of 50% in the price of thermoelectric Material 1 results in a
change of the internal rate of return of about 10%. A similar trend is seen for the net present value
(and the IRR) of Material 2. On the other hand, a change of 50% in the price of electricity leads to an
even higher (around 60%) change of the NPV and the IRR of the investment for both materials.

200

—Price of Electricity
= Price of TEGs

150

IRR, %
2

50 100 150
Change of variable, %

Figure 15. Sensitivity of the internal rate of return of the investment with Material 1 on the price of
electricity and that of the TEG construction.

400

—Price of Electricity

~Price of TEGs
300

200

0 100 150
Change of variable, %

Figure 16. Sensitivity of the net present value of the investment with Material 2 on the price of electricity
and that of the TEG construction.
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5. Conclusions

The current work is an attempt to estimate the energetic and economic performance of high
temperature thermoelectric generators installed in the combustion chamber of gas turbines. The basic
idea is to replace the thermal protection layers of combustors with TEGs and take advantage of the
existing temperature difference and its potential to generate power.

As expected, the energetic performance has shown that relatively small amounts of power can be
generated, mainly because combustion chambers are not designed as heat exchangers for this specific
application. Their goal is rather to accommodate the combustion process and not to maximize the
amount of heat exchanged between the two streams, here the combustion products and the cooling
air. Nevertheless, this also has the positive effect that TEGs simply take advantage of a yet untapped
temperature difference potential that already exists in combustion chambers of gas turbines, without
having any influence on the actual energy conversion process.

This consideration also made the economic evaluation of the respective investment more
interesting. In this context, it has been shown that, based on the current prices of high temperature
thermoelectric materials, an investment would definitely make sense, even for the case of the
installation in a peaker gas turbine with relatively limited operating hours in a year. However,
during the analysis, it also became clear that more information is necessary on the cost of thermoelectric
materials and the way it is expected to change in the future. The subsequent sensitivity analysis of the
economic evaluation results has shown that the latter are more sensitive to the price of electricity than
the TEG price.

This result has several implications for future investments in high temperature TEGs for gas
turbines. It is expected that mass production of TEGs and their technological evolution will lower
their price. On the other hand, peaker gas turbines face the problem of “the merit order effect” of
renewables [32]. If energy markets continue to operate purely on the merit order principle, it is
expected that peak electricity prices will become comparable to base load prices. From the current
analysis, we can conclude that this effect would have a stronger impact on the financial performance
of TEGs in gas turbines. A way around this issue would be to individually support the respective
investments through an electricity price bonus or a carbon tax. Although the first instrument will have
a clear impact on the profitability (see Figure 15), we need to have an estimation of the CO, emissions
avoided by the installation of the TEGs in a peaker gas turbine to evaluate the second instrument.
From this basic consideration and the prevailing peak price of electricity, one could then compute the
carbon tax necessary to make the respective investment in TEGs viable.

In conclusion, one can state that the installation of TEGs in carefully chosen positions at power
conversion systems can be a very interesting way to generate electricity, without any effect in the host
cycle. The given example is only one realization of this idea. In the future, further concepts will be
explored not necessarily limited to gas turbines.
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OEM Original Equipment Manufacturer

TEG Thermoelectric Generator

TIT Turbine Inlet Temperature

Symbols

Latin Characters

Awai Wall surface area m?
C TEG total cost €
cC Combustion chamber

F TEG Fill factor %
h Specific enthalpy ki
hea Convective heat transfer coefficient é
i Interest rate -

I Electric current A
K Equivalent heat conductivity of a TEG 2
Lteg TEG length m
NTEG Number of legs in a TEG -

n Number of investment year -
P Power kW
R Electric resistance Q
Qconv Heat convected from/to a wall W
Qrad Heat transferred with radiation to a wall A%
s Specific entropy ﬁ
S Seebeck coefficient of a TEG %
Sty Stanton number

Tc TEG cold junction temperature K
Ty TEG hot junction temperature K
Greek Letters

STBC Heat shield thickness m
Ormetal Metal wall thickness m
nc Compressor polytropic efficiency

Comb Combustion chamber efficiency

7T Turbine stage polytropic efficiency

e Compressor pressure ratio

TUTstage Turbine stage expansion ratio

Vifele Combustion chamber pressure loss coefficient

T osscool Turbine stage cooling pressure loss

0 Density %
Xexpi Turbine stage pressure ratio
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