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Summary 

With more than 50% of the primary energy consumed worldwide currently lost as waste 

heat, waste-heat conversion (WHC) should be considered a promising zero-carbon source of 

electricity. Despite significant research on WHC, the market penetration of such technologies 

remains limited, in large part because the R&D community has primarily focused on the 

development of new WHC heat engines with limited attention given to the techno-economic 

aspects. As different types of WHC heat engines vary significantly in their physical origins, there 

is a critical need to develop a system-level techno-economic model that is relatively independent 

of the detailed physics and design of the engine. In this perspective, we develop a techno-economic 

model for WHC technologies based on the well-known endoreversible thermodynamics 

formulations, which results in a fairly universal model. Our results indicate that regardless of the 

type or efficiency, WHC heat engines are not economically viable below 100 °C, which has been 

the focus of significant research in the literature in recent years. Under highly optimistic 

assumptions such as the cost of the WHC heat engines is same as gas turbines (~$0.25/W) and the 

capacity factor of the waste heat source is 0.9, for relative device Carnot efficiency <0.2, which is 

typical of various WHC heat engines, WHC is economical only for temperatures above 150 oC 

and power output in the range of 100 kW to 1 MW. We conclude this perspective by providing a 

future outlook on the research needed in the field of WHC heat engines for it to be techno-

economically viable. We also propose that along with the temperature and amount of waste heat 

available from various sources, the capacity factor of the waste heat sources must be documented.  

Introduction 
The use of waste heat and low-grade heat has fascinated scientists, engineers, and society 

as a whole for many decades1,2. The reason is very simple. Out of the ~475 EJ annual primary 
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energy consumption worldwide, ~50% is lost as waste heat3. Figure SI1 in the supplementary 

information (SI) shows the distribution of waste heat as a function of temperature for various 

energy sectors3. 156 EJ of this waste heat (or ~63% of the total available waste heat) is at low 

temperature3 (<100 °C).  Therefore there is tremendous interest specifically in the use of low-

temperature waste heat4–11. The advent of nanostructured thermoelectrics in the early 2000s12 led 

to a resurgence of interest in waste-heat utilization and particularly in the conversion of waste heat 

into electricity. Waste-heat conversion (WHC) into electricity -- also known as waste heat to power 

systems—is a potential technology13,14 that can provide zero carbon electricity. Although 

thermoelectrics dominated15 the early research because of its promise as a solid-state device with 

no moving parts and its modularity compared with traditional mechanical rotary-turbine-based 

technologies such as organic Rankine cycle (ORC) systems, many new non-rotary ideas have 

emerged in the past decade. Such is the interest in this topic that almost every year top science and 

engineering journals publish papers on new types of waste heat conversion engines6–11.  What 

makes the WHC research very fascinating and interesting is that possibilities to use different 

physical phenomena are enormous. Examples include thermomagnetic generators6, liquid-state 

thermocells7, ionic heat-to-electricity conversion systems10, electrochemical–thermal systems11, 

and thermo-osmotic systems8. Potential applications are found in buildings, industry, 

transportation, and energy sectors, wherein waste heat is available at various temperatures – as 

shown in Fig. SI1.  

However, despite such major scientific advancement and application potential, none of 

these technologies, including thermoelectrics, have penetrated the market or are able to compete 

in a scalable manner with traditional turbine-based technologies such as ORC. Table (1) shows a 

list of various types of heat engines, including their relative Carnot efficiency and temperature of 

operation. The effect of the irreversibility of engines is typically reported as the relative Carnot 

efficiency (f) given by the ratio of device efficiency to the Carnot efficiency. Note that the relative 

Carnot efficiency shown in Table 1 is due to the internal irreversibility of the heat engine and does 

not include the irreversibility due to the heat exchangers. Table 1 shows that there are many options 

being explored for WHC below 100 oC.  WHC below 100°𝐶 is an active area of research, 

commonly justified by the abundance of waste heat below 100 oC (Fig. SI1). Table 1 also shows 

that turbine-based ORC has high relative Carnot efficiency as compared to non-rotary heat engines 

which has a significant impact on economics of WHC as discussed later.  
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Heat Engine Technology Relative Carnot  
Efficiency, 𝝓, 
[%]  

Operating 
Temperature 
Range (oC) 

Liquid-state thermocells7, thermomagnetic6, thermo-

osmotic8, electrochemical–thermal16,  ionic heat-to-

electricity conversion systems10, thermogalvanic17, 

pyroelectric18,Thermoelectric19 

<20 <100 

Thermoelectric19, Pyroelectric20 10 – 20 >100  

High temperature electrochemical21 30 >500 

Organic Rankine Cycle (ORC) 22 50 – 90 >100 

 
Table 1: A brief overview of the performance of various heat engines proposed in the 

literature for waste heat conversion. Relative Carnot efficiency is due to the internal 

irreversibility of the heat engine and does not include the irreversibility due to the heat 

exchangers. The relative Carnot efficiency is for the case of maximum power output (see 

text for details). Note that this list is meant to be illustrative and not exhaustive.  

 

The R&D community has primarily focused on the technical optimization of heat-

conversion devices (Fig. 1a) in an ideal lab setting without paying much attention to the thermal 

systems based on these technologies. One of the most important aspects not addressed in previous 

studies on novel/new heat engines is the impact of heat exchangers (required to get the heat in and 

out in any practical system) on the overall efficiency and cost of the system (Fig. 1b).  Unlike 

turbine based traditional WHC technologies such as ORC23,24,  techno-economic analysis (TEA) 

models and cost targets for novel WHC heat engines have received little to no attention. The only 

exception is thermoelectrics where Yee et al. 25 developed a TEA model using various 

assumptions.  Yee et al. were able to develop a TEA model for thermoelectrics because 

thermoelectrics have a long history and are commercially available for some applications. 

However the physics of novel heat engines can vary significantly as discussed in the examples in 
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Table 1 and detailed information are not available for novel heat engines. Thus, it is important to 

develop a TEA model which is to a large extent independent of the detailed physics of the system 

and is dependent mainly on known technological parameters, such as the temperature of the waste 

heat source, cost of heat exchangers, and expected irreversibility in the proposed heat engine.  This 

type of TEA model will help in defining conditions and cost targets under which these novel WHC 

technologies can compete with other zero-carbon technologies such as solar PV- or ORC-based 

WHC/geothermal systems. This type of model will help tremendously in decision-making 

regarding the commercial viability as well as the overall impact of the design in solving the energy 

problem.  

 

 
 

 

Figure 1: a) Typical lab-scale thermal setup (ideal) to evaluate performance of new WHC 

heat engines ensuring constant-temperature boundary conditions on the hot and cold 
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sides. Th and Tc are the temperature of the engine on the hot side and cold side 

respectively; Qh and Qc are the heat input and heat rejection on the hot side and cold side 

respectively; p is the power output of the engine b) Schematic of real embodiment of WHC 

where hot-side and cold-side heat exchangers are needed c) Schematic representation 

of the thermal system. The hot side has a waste-heat fluid that transfers energy to a 

recovery fluid, and the cold side has water or an organic liquid as the hot fluid, and air as 

the final fluid to dissipate the heat to the ambient. d) Resistive network used to develop 

the endoreversible-thermodynamics-based TEA model. a and b are thermal 

conductances of the hot and cold side heat exchangers, respectively. 

 

In this perspective we ask three simple questions to understand under what conditions 

WHC can be economically competitive with other zero carbon technologies, irrespective of the 

physical origin of the WHC system: 

1) What is the required minimum temperature of the heat source? 

2) What is the required minimum size (power output) of the WHC engine? 

3) What is the minimum capacity factor i.e. what fraction of the time in a year is waste 

heat source available? 

To answer these questions, we develop a TEA model for WHC based on the classic 

endoreversible 26–28 thermodynamic formulations developed by Curzon and Ahlborn, enabling the 

construction of a model that is independent of the specifics of the heat engine. In the endoreversible 

formulation, the heat engines are completely reversible (Carnot engines), and the irreversibility in 

the system is due to the heat exchangers. This provides the best-case scenario for the cost of the 

system. Finally, we include the irreversibility of the engine by modifying the endoreversible 

formulation and provide a cost target for novel heat engines as a function of the waste-heat 

temperature, power output, and internal irreversibility (expressed as relative Carnot efficiency) of 

the heat engine for WHC to be competitive with other zero-carbon technologies. Our results 

indicate that: 1) regardless of the type or efficiency WHC heat engines are not economically 

viable below 100 °C (significant research has focused on this regime as seen from Table 1) 

and 2) Even above 100 °C, WHC is economical only for power outputs in the range of 100 

kW to 1 MW with a capacity factor of 0.9. Finally, we conclude this perspective by providing a 
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future outlook on the research needed in the field of WHC heat engines for it to be technically and 

techno-economically viable. 

 

Techno-Economic Analysis (TEA) Model Development 

Figure 1a presents a schematic of the test setup typically used in lab-scale experiments to 

evaluate the performance of a new heat engine. Maximum care is taken to avoid a temperature 

drop between the hot/cold source and the heat engine, enabling evaluation of the intrinsic 

conversion efficiency of the heat engine. Because the focus is not on techno-economic 

optimization, this setup is ideal for understanding device performance and relating it to material 

properties as well as understanding the intrinsic irreversibility of the heat engine. However, in any 

practical system, this setup will not work because the cost of getting the heat in and out of the 

system must also be considered. Figure 1b presents a schematic of a real system with a heat 

exchanger between the hot/cold side and the heat engine.  

Because the cost of the fuel in a waste-heat system is zero, analogous to a PV or a 

geothermal system, the goal is to extract the maximum power output from the system to minimize 

the levelized cost of electricity (LCOE)29 given the capital cost of the system. The cost/electric 

power output ($/W) can be written as 

𝐶! = 𝐶"# + 𝐶"$ =
%&'!(&)*+'"(+),

-#$%
+ 𝐶"$,  (1) 

where Chx and Che are the cost of the heat exchanger and heat engine  ($/W), respectively; a and b 

are the thermal conductance (Wth/K) of the hot-side and cold-side heat exchanger, respectively; 

Ch(a) and Cc(b) are the cost of the hot-side and cold-side heat exchanger per unit thermal 

conductance ($/Wth/K), respectively; and Pmax is the maximum electrical power output that can be 

extracted from the system. The subscript th denotes thermal. Typically30,  heat exchangers are 

priced based on their thermal conductance rating. Here, 𝛼 and 𝛽 represent thermal conductance 

values defined as a,b ≡ 𝑈𝐴, where U is the heat-transfer coefficient and A is the total area of the 

heat exchangers. U depends on the thermal properties of the heat exchanger, such as the thermal 

conductivity of the heat transfer fluid, the heat exchanger material, and the design of the heat 

exchanger30. The range of thermal conductance values depend on the industry and application. For 

example, in microelectronics cooling31, where the thermal energy level is in the range of ~10 - 100 

Watts the conductance ranges from 10 Wth/K – 100 Wth/K because the heat exchangers are very 
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small, requiring smaller areas and leading to lower thermal conductance. In large scale industrial 

applications30 (applicable for WHC) where thermal energy transport is in the range of kWs to 

MWs,  the heat exchangers are very large and the thermal conductance ranges from 103 Wth/K – 

106 Wth/K. Note the cost of a heat exchanger per unit thermal conductance depends on the size (i.e., 

a and b ) of the heat exchanger 30 because it decreases with increasing area of the heat exchanger 

due to economies of scale. 

Internally reversible (endoreversible) heat engine: The highest electrical power output (Pmax) 

theoretically possible for the system shown in Fig. 1b is for a Carnot Engine where the 

irreversibility in the system is only due to the heat exchangers. Curzon and Ahlborn 26 developed 

the endoreversible formulation for exactly this case as shown in Eq. SI1 in the supplementary 

information (SI).  With known Pmax, Cu in Eq. 1 can be optimized with respect to a and b to obtain 

the lowest possible cost (See SI for optimization details). If Ch and Cc are independent of a and b, 

respectively then it can be shown through this optimization that the minimum cost of power per 

Watt is given by 

𝐶! =
%.'!*.'",

&

%./'0./$,
& + 𝐶"$ .  (2) 

where Ts is the waste-heat source temperature; and Ta is the ambient temperature. Eq. (2) clearly 

shows that the cost of power per Watt increases with decreasing waste-heat temperature and 

increasing cost of both the hot-side and cold-side heat exchanger. Although Eq. (2) is simple and 

provides insight into cost of power as a function of waste heat temperature and cost of heat 

exchanger, it is generally inaccurate for small systems because Ch and Cc have a strong dependence 

on 𝛼 and 𝛽 for 𝛼, 𝛽 <	≈ 101 2
3

, as shown in Fig. SI4. For 𝛼, 𝛽 >	≈ 101 2
3
, 𝐶" and 𝐶4 are nearly 

constant, and Eq. (2) holds.  Figure (SI2) in SI also shows physically what these values of a and 

b mean in terms of the power output from a heat engine.  

Internally irreversible heat engine: In reality there will be internal entropy generation in a heat 

engine. The effect of the irreversibility of engines is typically reported from experiments or device 

models as the relative Carnot efficiency (f) for the boundary conditions shown in Fig. 1a. f is for 

the case of maximum power output as the goal is to maximize the power output for WHC as 

discussed above. For example f of thermoelectrics is different for maximum power and maximum 

efficiency case (see SI). Table (1) shows range of relative Carnot efficiency for various heat 

engines. Howe 32 derived the power equation by considering both internal irreversibility  and the 
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irreversibility due to the heat exchanger as shown  in Eq. (SI2). For 𝜙= 1, Howe’s equation reduced 

to the endoreversible equation (SI1). We use Howe’s equation to understand the impact of internal 

irreversibility on the cost of power output from WHC heat engines (See SI for optimization 

details).  

Cost of heat exchangers : The cost of the heat exchanger depends on many factors including the 

material and type of heat exchanger and the heat-transfer fluid used in the heat exchanger. The 

selection of the material and type of heat exchanger along with the heat transfer fluid depend on 

the temperature of operation. The ESDU database 30,33 provides comprehensive cost data on the 

most common heat exchanger designs (shell-and-tube, double-pipe, welded, plate, plate-fin 

printed-circuit, and air-cooled heat exchanger) with thermal conductance ranging from 103 (Wth/K) 

to 106 (Wth/K). The ESDU database also provides a large variety of different heat transfer fluids 

for the hot and cold side (gases at low/medium/high pressure, water/steam, organic liquids, 

hydrocarbons, low/medium/high viscosity liquids), resulting in many different combinations of 

exchanger design and heat transfer fluids, each with different costs [Ch(a) and Cc(b) in Eq. 1]. The 

selection of fluid depends on the temperature and compatibility with the heat exchanger material. 

Using data from the ESDU database, our analysis is based on a physical model of WHC with two 

fluids on the hot side and two fluids on the cold side (Fig. 1c). The calculations are conducted for 

two scenarios: 1) liquid is used as the recovery fluid on the hot side and 2) air is used as the 

recovery fluid for convenience because it can be used over a large temperature range and does not 

suffer from other complexities such as corrosion. For both scenarios, if Tc, as shown in Fig. 1d 

(see cost optimization section in SI for details), is below 100 °C, then water is used as the cold-

side fluid; otherwise, organic liquid is used for Tc between 100 °C and 400 °C. Water is used for 

Tc < 100 °C as it is inexpensive, resulting in low Cc(b). Finally, in both scenarios, the heat 

exchanger was selected based on the temperature range of operation and cost (the lowest-cost heat 

exchanger was selected for each temperature range). Table (2) provides a summary of the 

combinations of heat transfer fluid and heat exchanger depending on the temperature of the heat 

source.  

For cost optimization, the cost functions 𝐶"(𝛼) and 𝐶4(𝛽) were modeled using a power-law fitting 

curve (𝐶	(𝛼) = 𝑎𝛼5 + 𝑐) for the cost data from the ESDU database. The curve fits are presented 

in Fig. SI4. The error spread between the predicted and observed values for each combination of 

heat exchanger was computed using the root mean square relative error and showed a reasonable 



9 
 

fitting error with a maximum of 15%. The costs provided by the ESDU database were compiled 

in 1992. The costs were updated for 2020 (see SI). Table (2) lists the values of a, b, and c for the 

two scenarios described in the paper. We have assumed the ambient temperature to be 300 K. 

Since air is the final heat transfer fluid and the ambient temperature is fixed, the cold side heat 

exchanger and outlet fluid (Fig. 1c) are known, as opposed to the hot side heat exchanger where 

the temperature can vary significantly depending on the waste heat source. Therefore, cost 

minimization with respect to a was achieved numerically for fixed b (see SI). The optimal value 

of a, which gives the lowest value of Cu, is presented for scenario 1 in the SI (Table SI2). Finally, 

Chx was calculated using Eq. 1.  
 

Waste-heat 

temperature 

(°C) 

Waste-heat fluid 

– Recovery fluid 

Hot-side heat 

exchanger type & 

curve-fit parameters 

(a,b,c) 

Cold-side 

engine 

temperature, 

TC (°C) 

Cold-side 

outlet fluid 

Cold-side 

heat 

exchanger 

type and 

curve-fit 

parameters 

(a,b,c) 

Scenario 1 <100  Water – Water (517.37, 0.82, 0.03) 
Plate heat exchanger 

<100 Water (18023,         
-0.90, 0.90) 
Air-cooled 
heat 
exchanger 

100 – 175 Organic liquid – 

Organic liquid 

(348.61, -0.75 ,0.13) 
Plate heat exchanger 

100 – 400* Organic 

liquid 

(13417,          
-0.85, 1.66) 
Air-cooled 
heat 
exchanger 175 – 400 Organic liquid –

Organic liquid 

(1255.1, -0.74, 0.35) 
Double pipe 

 >400 Molten salt – 

Molten salt 

(6166, -0.88, 1.89) 
Shell-and-tube 

Scenario 2 <100 Water - Air (56401, -0.87, 1.53)  
Shell-and-tube 

<100 Water (18023,         
-0.90, 0.90) 
Air-cooled 
heat 
exchanger 

100 – 400 Organic liquid - 

Air 

(59043, -0.87, 1.58) 
Shell-and-tube 

100 – 400* Organic 

liquid 

(13417,         
-0.85, 1.66) 
Air-cooled 
heat 
exchanger >400 Molten Salt - Air (60557, -0.87, 2.44) 

Shell-and-tube 
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Table 2: Summary of heat exchanger and heat transfer fluid combinations for scenario 1 

and scenario 2. *Cold side engine temperature (Tc) never exceeded 400 °C for the cases 

investigated in the paper. 

 

 

Cost of heat engine: The Cost of novel heat engines is a big unknown. For rotary turbine-based 

heat engines the cost is known with a high level of confidence. For example the cost of an ORC 

turbine is 0.375/W 34 and a gas turbine which is ~$0.25/W 34. Among non-rotary heat engines, 

thermoelectrics are probably the most mature; however, there is a great deal of uncertainty 

regarding its cost due to the lack of mass market and field data. Any reasonable estimate will put 

that cost to be much higher than $1/W35. Because the cost of the heat exchanger is known with a 

high level of confidence from published databases such as that of the ESDU and the cost of novel 

heat engines are relatively unknown, we derive the allowable cost of heat engines such that they 

meet the total capital cost target (see the results section). 

 

Cost target for WHC: For WHC to become a serious and scalable contender, it must compete 

with other technologies such as solar PV, wind, and geothermal where both the cost of input energy 

and the carbon output is zero. All of these technologies have a similar levelized cost of electricity 

(LCOE) 36. The LCOE depends on many factors including the overnight capital cost of energy 

conversion, the capacity factor, and operational/maintenance34 costs. The TEA model developed 

in this perspective is for the overnight capital cost of energy conversion (engine and heat 

exchanger). A brief discussion of LCOE where cost of input energy is zero is provided in the SI. 

As shown in Eq. SI19, LCOE is directly proportional to the capital cost and inversely proportional 

to the capacity factor. It also depends on the lifetime of the technology which is related to the 

reliability. Longer lifetimes lead to lower LCOE. In addition, the discount rate, which accounts for 

the financing cost of the technology, also affects the LCOE; A lower discount rate lowers the 

LCOE. Therefore, for the same LCOE, a higher capital cost can be tolerated for higher capacity 

factors, longer lifetimes, and/or lower discount rates. For mature zero carbon technologies such as 

PV or geothermal power plants, the lifetime based on field data is in the range of 25  years29 or 

longer, as they are highly reliable. Similarly, the typical discount rate is assumed to be ~6%37. The 

discount rate is typically higher for new/unproven technology. For similar lifetimes and discount 
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rates the allowable capital cost is proportional to the capacity factor for a desired LCOE. For 

example, solar PV only has a capacity factor of 30%, whereas geothermal power has a capacity 

factor of 90%36. Therefore, the allowable capital cost of energy conversion for solar PV (module 

cost) is much smaller than that for geothermal power (turbine and heat exchanger).  

For novel WHCs, there is uncertainty regarding lifetime and discount rate due to lack of 

data. As a baseline in this perspective, we assume that WHCs have similar lifetimes and discount 

rates compared to mature zero carbon technologies. This is a highly optimistic assumption for non-

ORC based WHCs because lifetime/reliability is a big unknown and, in reality, discount rates will 

be higher due to the perceived financial risk of a new technology. For the baseline we 

optimistically assume that the heat is available 90% of the year, i.e., it has a capacity factor of 

90%. This allows for a much higher capital cost for WHC. Thus, the capital cost of WHC must be 

similar to that of geothermal electricity. In fact, geothermal power plants are very similar in nature 

to WHC even physically because the cost of heat is zero (as for WHC). The capital cost of power 

conversion in geothermal power plants is $1.2/W 34 (ORC turbine and heat exchanger). Because 

most mature technologies have similar LCOE, the capital cost is set by the capacity factor when 

the discount rate and lifetime are equal. Thus, by optimistically assuming a capacity factor of 90%, 

we can take the capital cost of geothermal as the most optimistic target price-point in which WHC 

will have a LCOE competitive with current mature technologies. To be competitive then, we set 

the baseline cost target (Cu)  to be $1.2/W. 

Figure (2) shows the cost target using Eq.SI19 for the cases where these optimistic 

assumptions are relaxed, assuming the LCOE remains the same as that of the baseline. Figure (2) 

shows that to maintain the same LCOE the capital cost has to be significantly lower for reduced 

capacity factor, reduced lifetime, and increased discount rate. Capital cost is directly proportional 

to the capacity factor for a given LCOE but is a more complicated function of the lifetime and 

discount rate. As shown in the SI, under the extreme case of zero discount rate the capital cost is 

directly proportional to the lifetime. For very long lifetimes, the capital cost is inversely 

proportional to the discount rate. 
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Figure 2: Allowed capital cost for constant LCOE as function of capacity factor for various lifetime 

of the WHC and discount rate.  

 

Results  

Endoreversible engine: In our calculations we assume that the ambient temperature is 300 °K. 

We plot the cost of heat exchanger per unit electrical power output, Chx, in Figs. 3a and 3b first. 

We then use the known Chx to derive the allowable cost of heat engine, Che, (Figs. 3c and 3d) to 

meet the total capital cost target of $1.2/W, i.e., Che = 1.2 - Chx. Fig. 2a shows that for a small cold 

side heat exchangers reflected in small value of cold side heat exchanger thermal conductance, b, 

even for this highly ideal case of a reversible heat engine, Chx itself is much higher than the total 

target of $1.2/W for temperatures below 300 °C (i.e., for these values of b and corresponding hot 

side heat exchanger thermal conductance,a,, WHC is not cost effective below 300 °C). Note for 

each b, optimal a is obtained by the cost optimization (see SI). Table SI1 in the SI lists a for 

various values of b.  Even for 300 °C, the power required (size of the heat engine) to achieve a 

heat exchanger cost of $1.2/W is ~40 kW (calculated using Eq. SI1); i.e., the size of the WHC 

engine must be in multiples of kWs.  



13 
 

 
Figure 3: Cost of heat exchanger (Chx) per unit electrical power output as a function of 

waste-heat source temperature and thermal conductance (b) of the cold-side heat 

exchanger for endoreversible engine (relative Carnot efficiency, f =1). The results are 

shown for liquid and air as the recovery heat transfer fluid (see text and Table 1 for 

details). The kinks in the graph correspond to the sudden change of the cost of the heat 

echanger based on the fluid change/heat exchanger-type change depending on the 

temperature (see text for details). The dashed horizontal lines correspond to a capital 

cost (heat exchanger + heat engine) target of $1.2/W which assumes a capacity factor of 

0.9. Figs. c and d show the required heat engine cost target (Che) to maintain a total 

system cost of $1.2/W based on Eq. 1, i.e., Che = 1.2 – Chx.  

 

For larger heat exchangers with b = 106 (W/K), it is possible for Chx to be below $1.2/W for T ~ 

50 °C; however, the size of the heat engine required is ~400 kW. Figures 3a and 3b also show that 

for the air-recovery fluid, Chx is higher than for the liquid-based recovery fluid on the hot side 
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because of the low heat-transfer coefficient, which requires a larger surface area of the heat 

exchanger compared with that when using liquids. 

Figures 3b and 3c show that the required heat engine cost, Che = 1.2 - Chx, to meet a cost target of 

$1.2/W is very small at lower temperatures, particularly for low values of b. Because the 

endoreversible formulation is for an internally reversible engine, the results presented in Fig. 3 are 

a very optimistic scenario and provide the highest possible Che to meet the cost target. In reality, 

internal irreversibility will reduce Che.  Note that the singularities in Fig. 3 are because of the 

change in the cost of the heat exchanger and fluid combination as a function of temperature. Higher 

temperature heat exchanger and fluid are more expensive than lower temperature heat exchanger 

and fluid. For example, above 100 oC the fluid changes from water to organic liquid. This suddenly 

increases the cost of the heat exchanger at 100 oC. However, the cost starts to go down as a function 

of temperature again. This behavior can be explained qualitatively using simplified Eq. 2 for the 

case where the cost of the heat exchanger per unit thermal conductance is independent of the 

thermal conductance. Since Che = 1.2 - Chx, this singularity at various temperatures shows up in 

the cost of the heat engines also. Table 2 shows that there are 3 temperatures at which cost changes 

(100 oC, 175 oC and 400 oC). It can be seen from Fig. 3 that the singularities also appear exactly 

at these temperatures. The same behavior can be seen for the case of Irreversible engine as 

discussed below.  

Irreversible engine: For irreversible engines the relative Carnot efficiency, f, is a very important 

parameter and it depends on the type of engine. Table 1 shows the range of f for various types of 

engines. Analogous to Fig. 3, Fig. 4 shows the cost of the heat exchanger, Chx, and the allowable 

cost of the heat engine, Che = 1.2 - Chx for different f. f strongly affects Chx and the allowable Che. 

Optimal values of the hot side thermal conductance, a for the hot-side temperature and cold side 

thermal conductance, b are given in Table SI1. For b = 103 W/K, even for f as high as 0.6, i.e., for 

engines working at 60% of Carnot efficiency, Chx itself is much higher than the target of $1.2/W. 

Figure 3c shows that for b = 103 W/K, there is no solution for Che for f <0.6 for reasonable waste-

heat temperatures. Even for b = 106 W/K, Chx is higher than the target below ~100 °C even for f = 

0.6. Figure 4 show that f strongly affects the cost of the heat exchanger. Since for ORC, f is large 

as compared to other novel heat engines the cost of the heat exchanger is very low. Therefore, 

geothermal plants based on ORC can operate for temperatures as low as 100 oC.  
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Figure 5 shows Chx as a function of the power output of the engine (see Eq. SI2). It shows 

that Chx is a strong function of the power output and decreases significantly with increasing size 

of the engine. The curve of Chx as a function of power output is smooth unlike that as a function 

of temperature (Fig. 4) because the temperature of the heat source is fixed for cost calculations as 

a function of power output, which fixes the type of heat exchanger and heat transfer fluid. Figure 

5 also shows that the Chx asymptotes as a function of size (power output) of the engine because 

cost of heat exchanger asymptotes as function of size of heat exchanger as shown in Fig. SI4. This 

type of asymptotic behavior has been reported for ORCs based on field data24.  

 

 
Figure 4: Cost of heat exchanger, Chx, (a,b) and allowable cost of heat engine, Che, (c,d) 

as a function of temperature, relative Carnot efficiency (f) and thermal conductance (b) 

of the cold-side heat exchanger. The dashed horizontal lines correspond to a capital cost 

(heat exchanger + heat engine) target of $1.2/W which assumes a capacity factor of 0.9. 
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The kinks in the plot at various temperatures are due to changes in the heat exchanger 

/fluid combination on the hot side and cold side depending on the temperature based on 

the optimization algorithm (see SI and Table 1).  

 

 

 

 
 

Figure 5: Cost of heat exchanger per unit electrical power output as a function of power 

for different values of relative Carnot efficiency (f) and waste heat temperature (Tsource). 

The dashed horizontal lines correspond to a capital cost (heat exchanger + heat engine) 

target of $1.2/W which assumes a capacity factor of 0.9. For Tsource less than 100 °C, the 

cost of the heat exchanger itself is much higher than the target value for most values of 

power.  

 

 

  Figure 6 shows the allowable cost of the heat engine, Che, as a function of power output. 

It shows that a larger heat engine can be more expensive than a smaller one because the cost of the 

heat exchanger is much smaller for a larger heat engine. Figures 4 and 5 show that WHC is not a 
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financially viable technology for temperatures < 100 °C and power output less than 100 kW even 

for f = 0.6.  

 

 

 

 
 

Figure 6: Allowable cost of heat engine. Che, as a function of power output for different 

values of relative Carnot efficiency (f)  and waste heat temperature (Tsource).  

 

Discussion and Future Outlook 

Minimum viable temperature and power output: Assuming that the best-case scenario for the 

cost of a heat engine  is that it approaches that of large gas turbines (more than 100 years of 

innovation has gone into these turbines), which is ~$0.25/W34, the allowed cost of the heat 

exchanger is then $0.95/W for a capacity factor of 0.9. Note even after 50 years of innovation the 

cost of ORC turbine is $0.375/W 34. Among the non-rotary heat engines, thermoelectrics are 

probably the most mature option. The current cost of the thermoelectrics is expected to be 

significantly higher than $1/W35. Therefore, assuming the heat engine cost of $0.25/W is a highly 

optimistic scenario (in reality the number will be higher), Fig. 5d (blue curve) shows that WHC is 

not a viable technology for f < 0.2, Ts < 152 °C, and power output less than 1 MW if the cost of 

the heat exchanger remains the same as the historical numbers used in this perspective. Various 

non-rotary heat engines typically report 𝝓 < 𝟎. 𝟐 (Table 1) so the cost of the heat exchanger 

alone would exceed the economic threshold, $1.2/W, for almost all low temperature waste 

heat energy conversion applications even for such a high capacity factor and low heat engine 
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cost.  Even for f as high as 0.4, Fig. 5d shows that power output has to be greater than 100 kW+  

for Ts > 152 oC.  In addition, because the capital cost requirement is lower than the baseline 

assumption cost of $1.2/W for lower capacity factors (Fig. 2), the minimum viable temperature 

will increase to match the lower capital cost required for WHC with lower capacity factors. For 

example, for a capital cost of $0.6/W which is the allowable cost for a capacity factor of 0.45 with 

a discount rate of 6% and lifetime of 25 years (Fig. 2) and with a heat engine cost of ~$0.25/W, 

the allowable heat exchanger cost is $0.35/W, which will increase the minimum viable temperature 

(Fig. 4b). Figure (7) shows the minimum viable temperature as a function of capacity factor 

assuming a 25-year lifetime and a discount rate of 6% (See SI for details).  We have assumed a 

large heat exchanger (b = 106 Wth/K) as it gives the lowest cost as shown in Fig. 4. The minimum 

size of the heat engine for various conditions shown in Fig. (7) still varies between 100 kW – 1 

MW. For higher discount rates or lower lifetimes, the minimum viable temperature will increase 

as the allowed capital cost will be lower (Fig. 2) and vice-versa. 

  
Figure 7:  Minimum viable temperature as a function of capacity factor and different 

values of relative Carnot efficiency (f) of the heat engine assuming a lifetime of 25 years 

and a discount rate of 6%. Note that for higher discount rate or lower lifetime the minimum 

viable temperature will increase as the allowed capital cost will be lower (Fig. 2). This 
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curve was generated assuming that the cost of the heat engine (Che) is $0.25/W which is 

the same as gas turbines (this is a highly optimistic assumption, see manuscript for 

details). For higher values of heat engine cost the curve will shift upwards and increase 

the minimum viable temperature. The minimum size of the heat engine for various 

conditions shown still varies between 100 kW – 1 MW. 

 

 

 

Availability of high capacity factor and/or high temperature waste heat sources: As discussed 

one of the major factors that decides the economic viability of WHC is the capacity factor. WHC 

can be potentially economical at lower temperatures when coupled with high capacity factor 

sources. For lower capacity factor sources, a higher temperature waste-heat source is needed 

(Fig.7). Forman et al. 3 have provided a detailed description of temperature at which waste heat is 

available in the various sectors (Fig. SI1). In the following we discuss the viability of WHC for 

those sectors based on the data by Forman et al. 3.  

1) Electricity: The largest amount of waste heat is available from this sector and typically the 

capacity factor of base load power plants (Coal, Nuclear and Natural gas combined cycle) 

is very high; however most of the waste heat available is at T < 100 oC because this the 

heat rejected by the steam condenser. There is some waste heat available at temperatures 

above 100oC (Fig. SI1) due to waste heat in the flue gases, but the temperature is typically 

less than 120 oC.  Therefore, it is highly unlikely that WHC is going to be economical in 

the electricity sector.  

2) Industrial: This sector has waste heat available in the range of 100 – 300 oC and above 300 
oC. There is a significant number of industries where the temperature is greater than 150 
oC and the waste heat available is the range of MWs. The capacity factor of factories is 

typically very high (~1). In addition, the industrial sector is one of the hardest sectors to 

decarbonize38. Therefore, the industrial sector is one of the most promising sectors for the 

application of WHC. It’s not surprising that most of the demonstration projects for WHC 

are in the industrial sector39.  

3) Residential: There is a significant amount of waste heat available above 100 oC in the 

residential sector due to heating furnaces and natural gas-based water heaters, but most of 
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that waste heat is at temperatures less than 150 oC. The yearly capacity factor of the heating 

furnaces is low because they are only operational during the winter months. Although water 

heaters are operational all year round, the capacity factor is not very high. Therefore, the 

low-capacity factor and lower temperatures available in the residential sector are 

discouraging for WHC. 

4) Commercial: The commercial sector sees temperatures above 300 oC  primarily because of  

diesel generators used to provide electricity. This is very prevalent in the developing and 

underdeveloped economies. Although the capacity factor is not very high, the high 

temperature waste heat can be economical even with lower capacity factor (Fig. 7).   

5) Transportation: Like commercial, the transportation sector has an abundance of waste heat 

available above 300 oC resulting from the exhaust of flue gases from engines. However, 

the capacity factor in the transportation sector varies dramatically. For example, passenger 

cars in the US are driven for ~300 hours40 every year which means the capacity factor is 

~3%, whereas long haul transport, such as ships and trains, have a very high capacity factor. 

Similarly, aircrafts and long-haul trucks also have relatively high capacity factors. The 

waste heat available in these sectors is in the range of hundreds of kWs to a few MWs. 

These long-haul sectors within transportation are also very hard to decarbonize41. 

Therefore, combined with high temperature and an abundance of waste heat, the 

transportation sector can use heat engines that are more cost competitive. Moreover, 

relatively large capacity factors for these long-haul sectors of transportation make them 

promising candidates for WHC.  For transportation, the cost target should be compared 

with savings in fuel cost such as diesel. More detailed analysis based on the framework 

proposed in this paper can be undertaken for the transportation sector.  

 

Typically, waste heat literature only documents the amount of waste heat available along with the 

temperature of the waste heat source. As discussed in this perspective, the capacity factor of the 

waste heat should also be documented to evaluate the commercial viability of utilizing and 

converting that waste heat to electricity.  

Advancement in heat engines: Based on this analysis the focus should be on the development of 

medium to high temperature heat engines. There have been recent advances on this front for both 

thermoelectrics42,43 and other types of engines such as high temperature electrochemical heat 
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engines21 and thermophotovoltaics44. As shown in Table 1, the relative Carnot efficiency of most 

non-rotary engines is below 0.2. For the high temperature electrochemical heat engine, the relative 

Carnot efficiency of 0.3 is based on system level simulation and experimental demonstration is 

still needed. As shown in Fig. 7, the minimum viable temperature reduces significantly for higher 

relative Carnot efficiency which can open up more opportunities as discussed above for WHC. 

Another potential area of research, which has received little to no attention, is on the reliability of 

novel waste heat engines. Since the LCOS is a strong function of lifetime of the technology, it is 

important to understand the long-term performance of the heat engine, particularly at higher 

temperatures. New protocols should be developed for accelerated lifetime testing of novel heat 

engines to understand their long-term behavior and commercial viability. 

 

Advancement in heat exchangers: The bleak prospective for heat engines as waste heat 

converters for lower temperature assumes the cost of heat exchangers follows the historical heat 

exchanger price trend. Major innovations45,46 in heat exchanger design are being made with new 

manufacturing techniques that could provide disruptive cost advantages. If the cost of heat 

exchangers can be significantly decreased, there is far more opportunity for heat engines in the 

waste heat conversion space. For example, the advent of additive manufacturing and topology 

optimization may lead to a shift in the cost of heat exchangers as a function of size. This could 

potentially bend the cost curves and reduce the minimum viable temperature for WHC; however, 

it is highly unlikely that WHC below 100 °C will be economically viable even in these best-case 

scenarios. 

 

Energy Storage, Dispathability and time value of Electricity: Finally, other zero carbon 

technologies such as PV or wind are intermittent. Large scale deployment of these intermittent 

technologies will require significant breakthroughs in energy storage47. On the other hand, 

geothermal electricity is available all day and is dispatchable (i.e. its power can be switched on 

and off depending on the demand on the electricity grid). For WHC with a high-capacity factor 

(e.g. industrial), it’s possible to make it dispatchable; however unlike geothermal the waste heat 

will get wasted unless its stored in a thermal storage. To get electricity back from thermal storage 

the temperature must be high enough for higher thermodynamic conversion efficiency and the cost 

of the storage must be very low so that there is not much impact on LCOE. This needs further 



22 
 

investigation.  For lower capacity factor systems, it is possible to increase the capacity factor of 

the WHC by storing the energy in thermal storage and using WHC directly from the waste source 

and from the thermal storage when the waste heat source is not available with lower average power. 

This is analogous to a concentrated solar plant (CSP), where thermal storage enables higher 

capacity factor for the steam turbine48. However, analogous to CSP, the cost of thermal storage 

has to be low and temperature of the waste heat source has to be high. These scenarios can be 

investigated relatively easily using the techno-economic framework for WHC proposed in this 

perceptive.  

The price and value of electricity can also be dependent on the time of the day and there is 

growing use of time-of-use rate plans for electricity price49. Through the TEA model proposed in 

this perspective more studies should be undertaken to understand if higher capital cost of WHC 

can be accommodated even for lower capacity factors if the price of electricity varies significantly 

during the day.  

Conclusion 

In this perspective we have introduced a TEA model for waste heat conversion based on 

the endoreversible thermodynamics formulation which makes the TEA independent of the 

specifics of the heat engine technology. The TEA is mainly dependent on technological parameters 

such as temperature of the waste heat source, cost of heat exchangers, and relative Carnot 

efficiency of the heat engine. Through this TEA model we have calculated the minimum viable 

temperature for cost effective waste heat conversion. However, further detailed studies for various 

energy sectors should be conducted to understand the commercial viability of waste heat 

conversion.  Tabulation of capacity factors for various waste heat sources should also be 

documented in the future.  
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Figure Legend: 

 

Figure 1:  Modeling of Heat Engines 

Typical lab-scale thermal setup (ideal) to evaluate performance of new WHC heat engines ensuring 

constant-temperature boundary conditions on the hot and cold sides. Th and Tc are the temperature 

of the engine on the hot side and cold side respectively; Qh and Qc are the heat input and heat 

rejection on the hot side and cold side respectively; p is the power output of the engine b) 

Schematic of real embodiment of WHC where hot-side and cold-side heat exchangers are needed 

c) Schematic representation of the thermal system. The hot side has a waste-heat fluid that transfers 

energy to a recovery fluid, and the cold side has water or an organic liquid as the hot fluid, and air 

as the final fluid to dissipate the heat to the ambient. d) Resistive network used to develop the 

endoreversible-thermodynamics-based TEA model. � and � are thermal conductances of the hot 

and cold side heat exchangers, respectively. 
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Figure 2: Allowed capital cost for constant LCOE as function of capacity factor for various lifetime 

of the WHC and discount rate.  

 

Figure 3: Cost of heat exchanger (Chx) per unit electrical power output as a function of 

waste-heat source temperature and thermal conductance (b) of the cold-side heat 

exchanger for endoreversible engine (relative Carnot efficiency, f =1). The results are 

shown for liquid and air as the recovery heat transfer fluid (see text and Table 1 for 

details). The kinks in the graph correspond to the sudden change of the cost of the heat 

echanger based on the fluid change/heat exchanger-type change depending on the 

temperature (see text for details). The dashed horizontal lines correspond to a capital 

cost (heat exchanger + heat engine) target of $1.2/W which assumes a capacity factor of 

0.9. Figs. c and d show the required heat engine cost target (Che) to maintain a total 

system cost of $1.2/W based on Eq. 1, i.e., Che = 1.2 – Chx.  

 

Figure 4: Cost of heat exchanger, Chx, (a,b) and allowable cost of heat engine, Che, (c,d) 

as a function of temperature, relative Carnot efficiency (f) and thermal conductance (b) 

of the cold-side heat exchanger. The dashed horizontal lines correspond to a capital cost 

(heat exchanger + heat engine) target of $1.2/W which assumes a capacity factor of 0.9. 

The kinks in the plot at various temperatures are due to changes in the heat exchanger 

/fluid combination on the hot side and cold side depending on the temperature based on 

the optimization algorithm (see SI and Table 1).  

 

Figure 5: Cost of heat exchanger per unit electrical power output as a function of power 

for different values of relative Carnot efficiency (f) and waste heat temperature (Tsource). 

The dashed horizontal lines correspond to a capital cost (heat exchanger + heat engine) 

target of $1.2/W which assumes a capacity factor of 0.9. For Tsource less than 100 °C, the 

cost of the heat exchanger itself is much higher than the target value for most values of 

power.  
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Figure 6: Allowable cost of heat engine. Che, as a function of power output for different 

values of relative Carnot efficiency (f)  and waste heat temperature (Tsource).  

 

Figure 7:  Minimum viable temperature as a function of capacity factor and different 

values of relative Carnot efficiency (f) of the heat engine assuming a lifetime of 25 years 

and a discount rate of 6%. Note that for higher discount rate or lower lifetime the minimum 

viable temperature will increase as the allowed capital cost will be lower (Fig. 2). This 

curve was generated assuming that the cost of the heat engine (Che) is $0.25/W which is 

the same as gas turbines (this is a highly optimistic assumption, see manuscript for 

details). For higher values of heat engine cost the curve will shift upwards and increase 

the minimum viable temperature. The minimum size of the heat engine for various 

conditions shown still varies between 100 kW – 1 MW. 

 

 

 

 




