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Abstract: 

Thermoelectric cogeneration offers an opportunity to recover waste heat from a variety of combustion systems. 

Computationally efficient simulations of practical systems that allow optimization and illustrate the impact of 

key material and system parameters are necessary.  This work compares differences in thermoelectric material 

conversion efficiency and system-level power generation by simulating three combustion systems: a water 

heater, an automotive exhaust system, and an industrial furnace.  A more detailed simulation for a 15 kW 

tankless, methane-fueled water heater further explores the potential for small-scale, stationary cogeneration.  

The simulation uses the finite volume method and links convective flow in a compact heat exchanger and 

conduction through the system to determine thermoelectric power generation.  For a single water heater pipe, 

126 W of electrical power can be generated, and a typical system could yield 370 W.  While varying 

thermoelectric material parameters such as thermal conductivity can improve thermoelectric output by over 

50%, system components like thermal interface materials can severely limit power output.  The impact of 

thermal interface resistance on power generation efficiency is established for all three combustion systems. The 

analysis demonstrates the impact system parameters have on the feasibility of thermoelectric waste heat 

recovery in combustion systems.   
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NOMENCLATURE 

A heat transfer area  

Cp heat capacity 

h convection coefficient  

I current  

k thermal conductivity of TEM material  

m  mass flow rate  

P electrical power from TEM 

qg heat transfer rate from gas stream  

qJoule Joule heating  

qPeltier heat transfer due to Peltier effect  

qTEM heat transfer rate through TEM 

qw heat transfer rate to water stream  

Rload electrical resistance of load  

Rpw thermal conduction resistance of pipe wall  

RTEM,e electrical resistance of TEM 

Rth thermal interface resistance 

S Seebeck coefficient  

Tg,i gas inlet temperature  

Tg,o gas outlet temperature  

Tp exterior pipe wall temperature  

Tpw interior pipe wall temperature  

tTEM TEM thickness  
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TTEM,c TEM cold side temperature  

TTEM,h TEM hot side temperature  

Tw water temperature  

Z thermoelectric figure of merit  

 

Greek symbols 

ε heat exchanger effectiveness 

ΔTlm log mean temperature difference  

ΔTTEM temperature difference across TEM  

ρ electrical resistivity  

ηo total fin surface efficiency 

ηTE module thermoelectric conversion efficiency 

ηsys system thermoelectric conversion efficiency 

σTE parasitic heat loss 
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1. Introduction 

      Heat losses reduce the efficiency of combustion systems.  Thermoelectric modules (TEMs) operating as 

power generators can improve system efficiency using the waste energy available in combustion products [1, 2]. 

Thermoelectric generators are attractive cogeneration solutions because they are reliable, silent, and have no 

moving parts.  Moreover, they offer the benefit of generating electricity locally at distributed combustion 

facilities or even household units, diminishing the need to draw power from a distant plant [3].  Extensive effort 

has been focused on utilizing waste heat for thermoelectric energy conversion [4, 5].  Applications include 

automobiles, high-temperature electronics, and gas-powered appliances used by individuals or small groups.  

Thermoelectric generators can also be used in systems such as water heaters in which the goal is to transfer heat 

energy [6, 7].   

      Thermoelectric materials [8] and systems with incorporated TEMs [9-11] have been previously 

investigated.   Maximizing thermoelectric material efficiency is different than maximizing the power output of a 

TEM integrated into a system [12].  Extensive research has focused on improving TEM performance through 

the figure-of-merit, ZT =S2T/ρk, of thermoelectric materials where S, ρ, and k are the Seebeck coefficient, 

electrical resistivity, and thermal conductivity of the thermoelectric material, respectively.  The temperature-

dependent properties are evaluated at the average temperature T within the TEM.   There has been considerable 

effort to develop phonon-glass/electron-crystal materials to reduce thermal conductivity while maintaining high 

values of electrical conductivity. Efforts to control the crystal structure of bulk thermoelectric materials as well 

as develop nanostructured materials to increase phonon scattering and improve ZT are ongoing [13].  However, 

maximizing Z is not necessarily the best method to optimize an entire cogeneration system.  For example, 

combustion systems and robust electronic systems experience high operating temperatures and large 

temperature fluctuations, but the efficiency of many thermoelectric materials rapidly declines at high 
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temperatures.  The realization of practical, effective cogeneration systems hinges on investigating the impact of 

thermoelectric material parameters coupled with system parameters.   

      A major challenge with system development is inefficiency caused by temperature drops at interfaces 

which are quantified using thermal interface resistances (TIRs) [14].  Wide temperature fluctuations, frequent 

thermal cycling, and large contact area in thermoelectric systems both degrade the performance of traditional 

thermal interface materials (TIMs) and make the module more susceptible to device failure from thermal 

expansion mismatch. Possible damage from thermal expansion also limits the rate of temperature change in a 

TEM.  Nano-structured thermal interfaces, including those incorporating aligned carbon nanotubes (CNTs) or 

metal nanowires, may lead to improved reliability. Previous work has shown that CNT arrays may perform as 

an exceptional thermal interface material because they have both high thermal conductivity and mechanical 

compliance [15-19].  

      The current work estimates representative thermoelectric power generation capabilities for home water 

heater, automotive exhaust, and industrial furnace waste heat recovery.  The goal is to compare material 

thermoelectric conversion to system power generation by accounting for components such as interface layers 

and heat exchangers.  Distributed, stationary thermoelectric power generation is explored with a detailed 

simulation of a 15 kW, methane-fueled, tankless water heater.   This work investigates TEM output when both 

material properties and system parameters are considered.  Varying thermal interfaces and the potential of novel 

TIMs are presented.  The limiting nature of thermal resistances in a thermoelectric cogeneration system is 

demonstrated, and system optimization is informed by varying parameters. The impact of thermal interface 

resistance on power generation efficiency is compared for water heater, automotive exhaust, and industrial 

furnace waste heat recovery. 
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2. Multi-system comparison 

A compact, parametric system model enables a comparative analysis of three relevant thermoelectric 

heat recovery applications: a home water heater, an automotive exhaust system, and an industrial furnace.  A 

home water heater represents the potential for small-scale, stationary energy harvesting.  In automobiles, 

roughly 40% of fuel energy is wasted as heat [20], so thermoelectric conversion of automotive exhaust heat 

offers an opportunity for improved fuel economy and reduced environmental impact, especially considering the 

scale of the worldwide automotive sector.  Industrial waste heat recovery with thermoelectrics has received 

increasing attention since many industrial processes such as metal and glass melting discharge gas at high 

temperatures [21]. Thermoelectric energy harvesting offers an opportunity for energy efficiency through on-site 

electricity generation for these large-scale, stationary applications. 

Simulation of thermoelectric systems reveals the relationship between system parameters and their 

impact on efficiency and power generation in these three applications.  Figure 1 depicts a system with hot 

exhaust and coolant fluid streams flowing through heat exchangers surrounding a thermoelectric module.  

Figure 2 provides a thermal circuit model for the system including the temperatures of the hot gas stream and 

the coolant stream as nodes.  Many thermoelectric system studies recognize the significant distinction between 

TEM conversion efficiency and overall system efficiency [22, 23].  Fewer studies consider the critical role 

system parameters such as thermal interface resistance, heat exchanger effectiveness, and mass flow rate play in 

thermoelectric power generation capabilities of combustions systems [24, 25].  A compact model assuming 

fixed hot and cold stream temperatures while including the impact of heat exchangers, parasitic heat loss, and 

interface resistance has been developed [25].  By fixing the hot and cold stream temperatures to the inlet 

temperatures, the spatial temperature variation along fluid flow directions is eliminated [23, 25, 26].  Although 

this approximation overestimates the overall temperature gradient and thus the power generation potential, this 

approach enables rapid multi-system comparisons.   
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Figure 1. A thermoelectric system has multiple n- and p-type legs connected electrically in series with an 

electrical shunt material.  An electrical insulator surrounds the TEM, and a thermal interface material connects 

the TEM to heat exchangers.  Heat flows from the hot stream to the cold stream through the TEM with the 

thermoelectric legs connected thermally in parallel. 
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Figure 2. The thermoelectric system can be represented by a thermal circuit in which heat flow from the hot 

source through the system to the cold sink.  The boundaries include conductor, insulator, and thermal interface 

material. 

 

    A system of equations describing the heat flow, power generation, and conservation of energy can be 

solved to determine conversion efficiencies.  As indicated in Figure 2, the heat transfer through the TEM must 

account for Joule heating and the Peltier effect in addition to conduction through the TEM:   

 

eTEMJoule RIq ,
2=             (1) 
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ISTq chTEMPeltier ,,=             (2) 
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The Peltier heat flux is dependent on the temperature of each side of the TEM.  The temperature gradient 

through the TEM determines the electrical potential developed across it.  The electrical power obtained from the 

TEM once it is connected to a load resistor is  

 

)(2
,eTEMTEMload IRTSIRIP −∆==           (4) 

 

where the product of the Seebeck coefficient and temperature difference is the voltage drop.  For a maximum 

power generation condition where the load and TEM electrical resistances are matched, the thermoelectric 

conversion efficiency is [25] 
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The heat flow into the TEM from the heat exchanger, qh, shows the pertinent system parameter dependencies.  

An energy balance on the TEM cold side is similar for the heat flow out of the TEM, qc, and an energy balance 

around the TEM shows qh = Pgen + qc. The terms σTE and σex represent the fractional heat loss to the 

environment at the TEM and heat exchanger, respectively.  These terms generally have minimal impact and are 

neglected here, but they can be considerable in specialized applications [27]. Thermal interface resistance Rth is 

present on both sides of the TEM where the TEM attaches to the heat exchangers.  The heat exchanger 

effectiveness ε is obtained from ε-NTU (number of transfer units) relationships [28].  The overall system 

efficiency ηsys is the electrical power generated divided by the maximum energy that could be transferred from 

the hot exhaust stream. 

Realistic parameters were modeled by using data reported for operation of each system: a water heater 

(reported here), a sports-utility vehicle [11], and an oxy-fuel glass processing furnace [21].  The parameters 

used in the model are listed in the appendix.  It will take a number of years for thermoelectrics technology to 

penetrate these applications.  In the meantime, thermoelectrics materials research is advancing at a rapid pace, 

and improved material properties are inevitable.  This development was accommodated by selecting recently 

reported temperature-dependent property data for nanostructured PbTe [29].    

    The model was used to compare the difference between TEM efficiency and overall system efficiency.  

Ideal efficiency values are presented in Table 1 for the three systems indicated.  The system efficiency is 32%, 

33%, and 59% lower than thermoelectric conversion efficiency for the water heater, automotive exhaust, and 

industrial furnace applications, respectively.   

 

Table 1. Thermoelectric module and system efficiencies for three simulated combustion waste heat recovery 

systems were determined.  Thermal interface resistance and parasitic heat loss values were omitted to obtain 
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upper limits.  Optimal heat exchanger effectiveness reported in previous studies was included as indicated in the 

supplementary information. 

System ηTE ηsys ηsys / ηTE 
Water heater 4.6% 3.2% 0.68 
Automobile 2.1% 1.4% 0.67 
Industrial furnace 12% 4.8% 0.41 

 

 

These results are promising for small-scale, distributed applications like the water heater since a reasonable 

efficiency is achievable.  Industrial furnace exhaust heat recovery is likely to receive increasing attention since 

the efficiency is acceptable, and the potential to offset industrial electricity use is attractive.  While the 

automotive exhaust system converts the available thermal energy less effectively, consideration of only a 

performance analysis like this is misleading.  The latter two systems benefit from economies of scale, and an 

evaluation of performance coupled with cost provides a more valid assessment of thermoelectric waste heat 

recovery potential [30, 31]. 

 

3. Detailed analysis of the water heater application 

Efficiency improvements for appliances such as water heaters, refrigerators, and furnaces are both 

financially and environmentally cost-effective [32].  Deeper insight into the factors affecting thermoelectric 

waste heat recovery requires a more detailed analysis than the approximate calculations performed above.  Such 

analyses have been conducted for automotive exhaust heat recovery applications [33, 34].  This approach can 

require detailed iterative schemes, hampering the ability to evaluate a range of parameters and compare multiple 

systems as accomplished above.  However, it provides spatial resolution of thermal gradients which is essential 

for system and TEM optimization [22]. The analysis below refines the water heater system model to link 

thermoelectric power generation to heat transfer physics in a cross-flow heat exchanger setup. 
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Figure 3. A combustion gas stream flows through a cross-flow heat exchanger to heat water in a tankless water 

heater system.  The pipe length, inner diameter, and outer fin diameter are 300 mm, 30 mm, and 60 mm, 

respectively. 

 

A numerical simulation of a tankless water heater system is conducted to indicate the possibility of 

efficiency improvement through thermoelectric heat recovery. Also termed demand or instantaneous water 

heaters, tankless water heaters use a heat source to directly heat cold water without storing water in a tank and 

incurring energy loss [35, 36].  Figure 3 shows the water heater system with a fluid cross-flow arrangement 

through an annular-finned pipe.  A water heater system has multiple pipes like the one shown.  This practical 

heat exchanger setup is used in many applications in which cogeneration may be feasible.  The thermoelectric 

module is modeled as a ring-shaped structure to match the pipe’s shape [37].  The surface is fully covered by 

thermoelectric material. Optimization of fractional area coverage, or fill factor, has been investigated elsewhere 

[30]. The thermoelectric material is surrounded by an electrical conductor, a ceramic insulating layer, and a 
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thermal interface material to connect the TEM to the pipe.  The model accounts for external gas convection, 

heat generation by the TEM, and the flow rate dependence of the convection coefficients. 

The external and internal convection components use empirical correlations to determine the average 

convection coefficients.  The heat transfer from the gas stream is determined using  
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to account for the effective fin efficiency of the annular pipe wall fins and the cylindrical wall conduction 

resistance [28].  The average gas convection coefficient is determined from a correlation for a compact heat 

exchanger with circular finned pipes [38].  The driving temperature difference between the gas and the pipe is 

approximated using a log mean temperature relationship:  
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Integrating the local heat transfer rate between two fluids over the total heat exchange area leads to a 

logarithmic relationship between the temperature differences.  Modeling the temperature gradient this way 

allows a close approximation of the pipe wall temperature and its variation in the water flow direction without 

requiring a detailed solution of the temperature profile in the pipe wall along the gas flow direction.  The heat 

transfer rate from the interior pipe wall to the water stream is  
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where hw is determined from the correlation for laminar internal flow [28]. 

The simulation results show the temperature range around the TEM is 400 K to 600 K.  The 

chalcogenide lead telluride is an optimal thermoelectric material at these operating temperatures, so the standard 

properties of PbTe are used initially to explore the option of a near-term solution which does not rely on new 

materials development [39].  Optimal properties are selected to mimic the ability of segmented thermoelectric 

legs to maximize energy conversion [40].  Thermal and electrical interface resistances are neglected to ascertain 

upper bounds.   

The simulation is conducted using a finite volume method.  Each pipe is discretized in the longitudinal 

direction.  A shooting method is used to determine the water temperature for each volume.  The water 

temperature is assumed to be a mixed mean temperature representing the entire discrete volume.  A false 

position or regula falsi method allows convergence on the amount of heat transferred to the water.  

Conservation of energy analyses on the results verified the simulation technique. This simulation approach is 

simpler than a finite element model, and it captures the significant thermal and electrical physics of the system.  

The approach reveals key parameters and their relative significance in system optimization. 

In order to isolate the influence of system and TEM parameters, a single pipe of a tankless water heater 

system is simulated initially; system specifications are provided in the supplementary information.  Figure 4 

summarizes a single pipe simulation result.  In 4a, the change in fluid temperatures demonstrates energy 

exchange between the hot gas and the water.  The gas and the water do not reach the same temperature before 

the water exits the pipe, indicating additional thermal energy is available for harvesting.   For cases of longer 

pipe length or lower water flow rate, the change in temperature with distance would decrease.  The temperature 

drop across the TEM along the length of the pipe decreases, so the voltage developed across the TEM 
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diminishes.  In optimizing a system, the change in temperature drop indicates the thermoelectric material could 

vary along the length of the pipe since the thermoelectric figure of merit ZT is temperature dependent.   

Figure 4b depicts the total electrical power from the TEM as a function of current through it.  Current 

and load resistance are inversely related, so increasing current corresponds to decreasing load resistance.  The 

peak power output occurs where the load resistance is equal to the electrical resistance of the TEM.  The 

average gas outlet temperature declines as more heat energy is converted to electrical energy.  The water outlet 

temperature changes minimally because the product of mass flow rate and specific heat capacity is larger for the 

water stream than the gas stream.  The ability to obtain the maximum electrical power output without 

significantly reducing the water output temperature is promising. 

Optimal system operating points are influenced by considering both conversion efficiency and relative 

gain in TEM power with changing load resistance.  The electrical power from the TEM can be divided by the 

energy transferred into the system from the hot gas minus the amount of energy transferred to the water to 

obtain a non-dimensional power value.  For a single pipe, this non-dimensional power peaks at 0.8% with an 

average gas outlet temperature of 1100 K indicating a significant amount of energy that can still be harvested 

from the gas.  The voltage developed across the TEM is dropped across the TEM electrical resistance and an 

external load resistance.  While the electrical power output comes from the voltage drop across the load resistor, 

the power dissipated in the TEM contributes to Joule heating and can be beneficial in this system to heat the 

water.  The ratio of TEM power output to power dissipated decreases from an initial amount of 21 to 1 at the 

matched load condition.   This corresponds to an initial incremental increase in electrical power of 6.8 W/A, and 

the increase in power per unit rise in current declines to zero at 37 A.  Because the increase in incremental TEM 

output power diminishes, the optimal operating point may not be at the peak power condition [25].   
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Figure 4. a) Fluid temperatures, TEM boundary temperatures, and TEM voltage are determined as a function of 

distance along the pipe. b) Electrical power output from the TEM corresponds to a change in gas and water 

outlet temperatures. The maximum power output for the simulated single pipe heat exchanger is 126 W. 
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The impact of varying system and TEM parameters are determined.  Figures demonstrating the impact 

of flow rate, convection coefficients, and Seebeck coefficient are provided in the supplementary information, 

and the results are summarized here.  Thermoelectric power output rises as the flow rate of the water stream due 

to increased convective cooling of the pipe wall resulting in a larger temperature drop across the TEM.  

Modifying the gas convection coefficient hg mimics multiple system variations.  For example, altering fin 

geometry or gas flow rate will change hg.  Doubling the convection coefficient can increase the electrical power 

output by 50%, and the value of hg affects the impact of the gas side convective thermal resistance relative to 

the other system thermal resistances.  The convective resistance is often the highest heat transfer resistance [9].  

This work indicates the gas side convective resistance can be comparable to TEM resistance as TEM thickness 

increases.  The relative importance of interface resistance increases as the gas side convection improves.  The 

limiting effect of interface materials is discussed in more detail below. 

    Altering the TEM thermal conductivity is an effective way to increase output power; the power is more 

than doubled if the thermal conductivity is reduced by 1 W/m-K.  Of all the parameters considered, thermal 

conductivity improvement results in the largest gain in power output. The top axis in Figure 5 shows ZT 

corresponding to varying thermal conductivity with all other properties held constant.  The maximum operating 

temperature of the thermoelectric material must be considered in evaluating the ZT and selecting TEM 

materials.  For example, Bi2Te3 has a maximum operating temperature of about 550 K and could not be 

considered for this application.   
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Figure 5. TEM electrical power output increases significantly as thermoelectric material conductivity decreases.  

Optimized materials are simulated by holding the other material properties constant.  The curve for the lowest 

load resistance has markers to guide the eye. 

 

The maximum electrical power output depends on the configuration of the heat exchanger system.  

Options for pipe configurations in the water heat system are considered in Table 1.  The table provides the 

incremental gain in adding pipes in multiple configurations.  Pipes located next to each other horizontally are in 

a parallel thermal connection whereas vertically stacked pipes are in a series thermal connection.  The gas outlet 

temperature is indicative of the amount of energy remaining in the gas stream after it has passed over all of the 

pipes.  Because the gas stream temperature drops as it passes over the pipes, the electrical power out of a pipe’s 

TEM decreases as it is stacked lower in a vertical arrangement.  However, increasing the number of pipes 

stacked horizontally would also require an increase in the mass flow rate of the gas stream.  Additionally, the 

average temperature across the TEM is significantly different in each pipe, so different thermoelectric materials 
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should be considered.  The TEM material in each pipe should have a peak ZT for the operating temperature of 

that pipe.   

 

Table 2. Systems configurations can vary to connect pipes thermally in parallel and series.  TEM electrical 

output increases most for parallel arrangements at the cost of higher gas flow rates.  

 

 

 

4. Impact of thermal interfaces 

Estimating the thermal resistance of interface materials is a major challenge for this work.  Interface 

materials from thermal greases to metallic alloys have thermal conductivities ranging from 0.2 to 50 W/m-K 

[41].  In modern computers, these materials have thicknesses between 20 and 100 µm, yielding total thermal 

resistances from 150 to 0.6 m2K/MW.  In macroscale systems such as a water heater the thicknesses of interface 

materials can be substantially larger.  The large thickness is owed to geometrical inconsistencies in the larger 
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components as well as the requirement for the interface to overcome thermomechanical mismatch between the 

adjacent materials.  In contrast to computers, which are subjected to a temperature variation of approximately 

100 K, combustion-based TEM systems could experience thermomechanical cycling up to 600 K.  For the 

present work, we assume a TIM thickness of 1 mm and thermal conductivities of 1 W/m-K for grease, 10 W/m-

K for metal solder, and 100 W/m-K for a novel CNT-based interface material [16, 18].   

The degree to which thermal interface resistance degrades system efficiency depends strongly on 

thermoelectric thickness.  Figure 6 illustrates a thicker TEM raises the TEM thermal resistance and thus the 

temperature drop across it.  A 22 W/mm improvement in power is possible.  The thermal interface material 

strongly reduces the output power and severely affects power output as TEM thickness increases.  Particularly 

for TEMs composed of novel thin film materials, power generation capability will be limited by the heat sink 

and TIM thermal resistances, and thermal resistance matching between these system elements and the TEM is 

critical [42]. 

 

 

Figure 6. TEM electrical power output increases with TEM thickness, but interface materials can severely limit 

the gain in power output.  An interface material thickness of 1 mm is used for the simulation.  
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As shown in Figure 1, there are two thermal interfaces, one on each side of the thermoelectric module.  Hot side 

TIR is higher than cold side TIR in practical systems, so the analysis is extended to account for Rth,h equal to and 

multiple factors larger than Rth,c. The values of Rth,c shown in Figure 6 correspond to TIMs with thermal 

conductivity from 1 to 100 W/m-K, and the solid line shows the maximum operating point with no TIR.   

 

 

Figure 7. The ratio of system to module thermoelectric conversion efficiency is compared to the ratio of hot side 

to cold side thermal interface resistance for the water heater system. The efficiency reduction decreases as the 

thermal interface resistance decreases. 
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Figure 8. The ratio of system to module thermoelectric conversion efficiency is compared to the ratio of hot side 

to cold side thermal interface resistance for the three combustion systems.  The relationship can be fit to an 

exponential decay to characterize the efficiency reduction due to the interfaces.  Rth,c is held constant at 0.05 

K/W. 

 

   The severe degradation in power generation potential due to thermal interface resistance is not limited to 

appliance-type systems like the water heater.  Figure 7 illustrates the impact of TIR for all three applications: 

water heater, automotive exhaust, and industrial furnace.  The relationship between the efficiency and TIR ratios 

is of the form 
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where a,b,c, and d are coefficients dependent on Rth,c.  This analysis provides rapid assessment of TIM system-

level impacts.  It is much easier to measure the effective TIR for TIMs at lower temperatures.  Experimental 
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setups to measure TIMs at high temperatures (e.g. exhaust stream temperatures of these systems) are rare and 

challenging to develop [43].  Using this analysis, an easily obtained value of Rth,c can be combined with an 

estimate of the relative Rth,h value to determine the effects of system efficiency reduction due to thermal 

interface resistances. 

 

5. Conclusion 

The difference between thermoelectric material conversion efficiency and system-level power 

generation in three combustion applications is determined. A tankless water heater system with an integrated 

thermoelectric module is numerically simulated in detail to investigate the impact of varying both system and 

TEM parameters.  Reducing the TEM thermal conductivity by 50% doubles the electrical power output.  

Increasing the hot side convection coefficient and increasing the TEM thickness can increase the output power 

by up to 50%.  Thermal interface materials significantly limit the ability of a TEM to maximize output in a 

cogeneration system.  Industry standard TIMs can reduce TEM power output by approximately 40% depending 

on material and thickness. More work is needed to minimize this thermal resistance while accounting for the 

severe repetitive thermomechanical cycling in these systems.  The current work suggests that novel interfaces 

such as those based on CNT technology are encouraging options for future research.   Thermoelectrics offer a 

promising cogeneration opportunity, and enhancements in TEM materials will improve the technology’s 

potential.  Recognizing and solving the remaining challenges of TEM system integration are required to 

improve overall system efficiency and power output. 
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