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Nomenclature 

∆T Temperature Difference (˚C) Q Heat Duty (kJ) 

COP Coefficient of Performance s Specific Entropy (kJ/kg-K) 

Cp Specific Heat Capacity (kJ/kg-K) sCO2 Supercritical CO2 

HEX Heat Exchanger T Temperature (˚C) 

HTR High Temperature Recuperator To Dead state Temperature (˚C) 

i Irreversibility (kJ) or (kJ/s) TRej Heat Rejection Temperature (˚C) 

LTR Low Temperature Recuperator T-S Temperature - Entropy 

𝑚̇𝑚  Mass flow rate (kg/s) η Efficiency 

MSR Molten Salt Reactor Φ Availability / Exergy (kJ) 
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Abstract 9 

Supercri�cal Carbon Dioxide (sCO2) power cycles have recently garnered aten�on for use with high 10 
temperature Gen IV nuclear reactors such as Molten Salt Reactors (MSR) due to prospects for improved 11 
performance in high temperature regions, with the Recompression model being one of the most studied 12 
configura�ons where the heat rejec�on step occurs near the CO2 cri�cal point of 30.98 ̊C. An alterna�ve 13 
well researched variant is the transcri�cal condensing CO2 cycle which reduces irreversibility in heat 14 
rejec�on and shows higher efficiencies and specific work produced. The stable opera�on of an MSR 15 
benefits from maintaining steady opera�ng points, heat transfer and approach temperature between the 16 
salt loop and the power cycle. Given the proximity of the cri�cal point of CO2 to ambient temperatures, 17 
and the variability of thermodynamic proper�es near this point, sCO2 cycles are suscep�ble to 18 
unwelcome transients associated with ambient temperature fluctua�ons. Further, condensing cycles, 19 
despite showing promising performance, are limited to regions with consistent ambient temperatures 20 
which allow heat rejec�on below the cri�cal temperature, year-round. 21 

This study proposes a “Thermal Adapter” model, which uses a refrigera�on botoming cycle to maintain 22 
stable opera�ng points in a condensing sCO2 recompression cycle, while allowing condensa�on 23 
irrespec�ve of ambient condi�ons, thereby addressing both these concerns. The isothermal heat 24 
rejec�on from the CO2 (in contrast to a Brayton cycle) to refrigerant, and refrigerant to the environment 25 
mi�gates some of the work lost through the opera�on of the refrigera�on cycle. A thermodynamic and 26 
exergy analysis was conducted comparing the Thermal Adapter model to the standard recompression 27 
cycle at varying environmental temperatures. The results indicate that the Thermal Adapter successfully 28 
isolates the CO2 cycle and nuclear opera�on from transient ambient condi�ons, exhibi�ng a greater 29 
specific work at all ambient temperatures, a higher net efficiency at TRej > 32 ̊C, and opera�onal simplicity 30 
on comparison with the Reference model. 31 

Introduc�on 32 

Recent years have seen large investments and technological advancements made towards the launch of 33 
Gen IV nuclear reactors, as a step towards more efficient, and inherently safer nuclear power. These 34 
reactors generate heat at higher temperatures compared to most exis�ng powerplants, with 35 
TerraPower’s Molten Salt Reactor slated to operate near 650  ̊C, allowing for a higher Carnot efficiency in 36 
the coupled power cycle.  37 

One such advanced power cycle poised towards high temperature applica�on is the supercri�cal carbon 38 
dioxide (sCO2) cycles which operates at high efficiencies with rela�vely compact and simple plant layouts, 39 
providing economic and opera�onal benefits over compe�ng supercri�cal steam cycles  [1], and helium 40 
Brayton cycles [2]. The advantages of sCO2 cycles stem from the low compressibility of CO2 near the 41 
cri�cal point, minimizing compression work, ability to internally recuperate heat, and the high density of 42 
CO2 in the expansion process, allowing for smaller machinery, and higher energy density [3]. The low 43 
cri�cal point of CO2 at 31 ̊C and 7.38 MPa allow the cycle to reject heat near ambient condi�ons. The 44 
recompression cycle which operates en�rely above the cri�cal pressure is one of the most studied 45 
configura�ons [4]. The condensing transcri�cal recompression CO2 cycle has been well studied by [5] 46 
and involves condensa�on of a part of the CO2 stream, which is pumped from the liquid phase to 47 
supercri�cal pressure, resul�ng in a higher net power and efficiency [6]. Wright et al. have described 48 
how a slight reduc�on in heat rejec�on temperature can lead to significant efficiency gains [7]. The 49 



The 8th International Supercritical CO2 Power Cycles Symposium 
 February 27 – 29, 2024, San Antonio, Texas 

Paper #26 

higher efficiency of the condensing cycle can be par�ally explained by the slightly lower heat rejec�on 50 
temperature implemented to facilitate condensa�on, resul�ng in a higher Carnot efficiency. The gain in 51 
the real cycle efficiency is greater than the increase in the Carnot efficiency associated with the wider 52 
temperature range. This observa�on is explained through the greater second law efficiency of the cycle 53 
arising from nearly isothermal heat rejec�on via condensa�on and thereby lower irreversibility. 54 

The common concerns associated with the industrial implementa�on of sCO2 cycles are the varia�ons of 55 
the thermodynamic fluid proper�es in the vicinity of the cri�cal point and the impact this may have on 56 
the overall power cycle. Unlike tradi�onal steam cycles, CO2 cycles reject heat near ambient condi�ons, 57 
and given the cri�cal point of CO2 is near the ambient temperature in most geographies, environmental 58 
temperature fluctua�ons may further disrupt the stable opera�on of a sCO2 power cycle. The steady 59 
performance and opera�on of molten salt reactors is benefited by a constant, and predictable heat 60 
transfer out of the salt loop and into the CO2 cycle, hence such aforemen�oned disturbances in the CO2 61 
cycle as a result of transient ambient condi�ons are undesirable. The condensing sCO2 cycle solves one 62 
facet of this problem, by rejec�ng heat from the cycle at temperatures significantly below the cri�cal 63 
temperature. This process bypasses the cri�cal point, and thereby any associated thermodynamic 64 
instability regions, while exhibi�ng appreciable gains in efficiency and specific work. Nonetheless, such 65 
cycles are limited geographically to regions where a sufficiently cold natural heat sink is available and are 66 
yet suscep�ble to varia�ons in external temperatures. 67 

This study proposes the use of a refrigera�ng botoming loop as a “Thermal Adapter”, which couples 68 
with the heat rejec�on step of a condensing sCO2 cycle. The Thermal Adapter will serve to maintain a 69 
constant interface temperature with the CO2, thereby isola�ng the power cycle and nuclear opera�ons 70 
from varia�ons in external temperatures, while allowing for condensa�on of CO2 irrespec�ve to clima�c 71 
condi�ons. A well-designed refrigera�on loop will employ heat transfer between both the CO2 cycle, and 72 
the environment through largely isothermal phase change processes, thereby minimizing irreversibili�es, 73 
and reaping the benefits of a condensing cycle, which recoups some of the work lost through the 74 
introduc�on of an addi�onal process. This study reports the thermodynamic and exergy analyses on the 75 
implementa�on of a Thermal Adapter and outlines the use cases wherein the use of such a configura�on 76 
results in net efficiency and performance benefits.  77 

  78 
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Modelling 79 

The thermodynamic modelling of the sCO2 power cycle is carried out through the Aspen HYSYS modelling 80 
so�ware, using the Peng-Robinson equa�on of state. The alternate equa�ons of state considered were 81 
Lee-Kesler-Plocker and Redlich-Kwong-Soave. Peng-Robinson was selected due to the ease of 82 
computa�on, and accuracy near the cri�cal point. 83 

The accuracy of the Aspen HYSYS model was verified through the replica�on of the state points in the 84 
recompression cycle described by Wright et al. [7]. The model showed a variance of less than 1% in the 85 
predic�on of efficiency and a variance of 3.6% in predic�on of specific power. 86 

Reference Model 87 

The Reference model is based on the well-studied recompression Brayton cycle model and is modelled 88 
around the schema�c described by Wright et al. [7], with some modifica�ons as documented in Table 1. 89 

The heat source is defined as an isothermal reservoir at 650°C. This analysis studies the effect of ambient 90 
temperature fluctua�on on the sCO2 power cycle, hence the heat rejec�on temperature is varied from 91 
15°C – 45°C. The high pressure point is 20 MPa, and the low pressure point post expansion is set slightly 92 
above the cri�cal pressure at 7.7 MPa, when the rejec�on temperature is above the cri�cal temperature 93 
of CO2. 94 

For a fair comparison with the Thermal Adapter model, the reference model is designed to allow for 95 
condensa�on when the rejec�on temperature is sufficiently below the cri�cal temperature (TRej < 30°C). 96 
This study does not directly refer to the ambient temperature as local condi�ons such as availability of 97 
running water, the humidity of air, etc. will affect the approach temperature between the power cycle fluid 98 
and ambient condi�ons, therefore the rejec�on temperature is used to denote the temperature of the 99 
working fluid post the heat rejec�on step. In the Reference model, TRej refers to CO2 temperature exi�ng 100 
the rejec�on step. The turbine outlet pressure is dropped to the satura�on pressure corresponding to the 101 
heat rejec�on temperature, allowing for condensa�on during the heat rejec�on step. Studies have shown 102 
that the low varia�on of density between the vapor and liquid phases of CO2 allow for a compressor to 103 
func�on as a pump for liquid CO2, albeit at lower efficiencies. This study credits the Reference model with 104 
the ability to pump condensed CO2 by means of a compressor, with no penalty on adiaba�c efficiency. 105 

Thermal Adapter Model 106 

The previously defined reference model has been modified to include a simple propane refrigera�on cycle 107 
which facilitates the condensa�on of the CO2 in the CO2 heat rejec�on step. The closed propane loop 108 
consists of a compressor, compressing the propane to the satura�on pressure at ambient condi�ons. The 109 
propane vapor rejects heat to the environment, condensing into a saturated liquid, which is throtled to 110 
form a two-phase mixture. The throtle outlet pressure is based on the level of Joule-Thompson throtling 111 
required to drop the temperature to 12°C. The propane evaporates in the CO2-Propane phase change heat 112 
exchanger consequently condensing CO2 at 15°C. The low temperature range of the propane cycle (12°C 113 
to TRej), results in a high COP cycle. TRej in this model refers to the temperature of propane leaving the 114 
condenser. The propane cycle effec�vely isolates the CO2 loop from any fluctua�ons in the ambient 115 
temperature through modifica�ons in the mass flow rate, and pressure ra�o to maintain a constant CO2-116 
propane interface temperature. Figure 1 displays a process flow diagram highligh�ng the thermodynamics 117 
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state points for a TRej = 40 ̊C case. The theore�cal total efficiency of such a combined cycle can be calculated 118 
as follows. 119 

𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇 −
�1 − 𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇�

𝐶𝐶𝐶𝐶𝐶𝐶
 120 

The Thermal Adapter leverages the CO2 condensa�on to replace the main compressor with a centrifugal 121 
pump. The condensa�on of CO2 allows the turbine to operate at a higher pressure ra�o, expanding the 122 
fluid to the expected satura�on pressure at 15°C, well below the cri�cal pressure to which tradi�onal 123 
cycles are limited. Further, the constant heat rejec�on temperature of 15°C allows for finetuning of the 124 
split flow ra�o to allow for more effec�ve heat transfer in the low temperature recuperator. 125 

Split Flow Ra�o 126 

The split flow ra�o is defined as the amount of flow directed to the heat rejec�on step, and consequently 127 
the pump and LTR, as opposed to the re-compressor.  This ra�o is dictated by the heat transfer in the LTR. 128 
The hot side carries the low-pressure vapor CO2, while the cold side carries the high-pressure liquid CO2 129 
which undergoes evapora�on and superhea�ng in the LTR. The difference in thermodynamic condi�ons 130 
results in a high difference in the specific heat capacity between the streams poten�ally leading to 131 
unfavorable heat transfer [8]. To allow for a constant approach temperature across the heat exchanger, 132 
the total heat capacity of both flows must be matched.   133 

𝑚̇𝑚ℎ ∗ 𝐶𝐶𝐶𝐶ℎ ∗ ∆𝑇𝑇ℎ = 𝑚̇𝑚𝑐𝑐 ∗ 𝐶𝐶𝐶𝐶𝑐𝑐 ∗ ∆𝑇𝑇𝑐𝑐 134 

𝐹𝐹𝐹𝐹𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ:  ∆𝑇𝑇ℎ = ∆𝑇𝑇𝑐𝑐 ;  (𝑚̇𝑚ℎ ∗ 𝐶𝐶𝐶𝐶ℎ − 𝑚̇𝑚𝑐𝑐 ∗ 𝐶𝐶𝐶𝐶𝑐𝑐) → 0  135 

Given the specific heat capacity is fixed by the pressure ra�os, the mass flow is then controlled through 136 
the split flow ra�o to op�mize opera�on. Figure 2 displays the effect of split flow ra�o on the difference 137 
in mass capaci�es (ṁhCp,h – ṁcCp,c) across the heat exchanger and the corresponding impact on overall 138 
cycle efficiency. The peak cycle efficiency is found at a split flow ra�o of 0.544. 139 
 140 

Results and Discussion 141 

The performance of the Thermal Adapter Model and the Reference model are evaluated and compared 142 
under varying ambient temperature condi�ons (heat rejec�on temperature varies from 15°C to 45°C). The 143 
effect of the propane refrigera�on loop on overall system performance, and the ability to isolate the power 144 
cycle from extraneous thermal fluctua�ons is documented in this sec�on. The primary parameters of 145 
concern are system efficiency, specific work, and CO2 inlet temperature to the primary salt heater. 146 

Efficiency 147 

Figure 3 shows that the thermal adapter model exhibits a significantly higher efficiency at all rejec�on 148 
temperatures above the cri�cal point (TRej > 33°C). At points greater than the cri�cal temperature, the 149 
Thermal Adapter model leverages isothermal phase change process to transfer heat from both the CO2 150 
into the propane loop and reject heat from the propane loop to the environment. This results in minimal 151 
heat transfer related entropy gain, and consequently high efficiencies. 152 
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At rejec�on temperatures below the cri�cal temperatures, the theore�cal reference model reaps the 153 
benefits of a condensing transcri�cal CO2 cycle, without the parasi�c load of the propane refrigera�on 154 
cycle, resul�ng in a theore�cal higher efficiency. However, to reject heat via condensa�on, the system 155 
must operate at higher pressure ra�os, and repurpose the compressor to pump liquid CO2. Studies have 156 
shown that such an applica�on of compressors is possible, albeit at a less than ideal efficiency point 157 
thereby diminishing the overall cycle efficiency [9]. For the reference model to outperform the thermal 158 
adapter model while condensing CO2 (TRej <31 ̊C), a compressor designed for an 85% peak efficiency for 159 
vapor phase applica�on, must exhibit an adiaba�c efficiency of greater than 75%  while pressurizing the 160 
liquid phase. A more feasible opera�onal strategy under colder ambient condi�ons (Tambient < 31°C) in a 161 
standard sCO2 cycle would be to restrict the cooling of low-pressure CO2 to near the cri�cal temperature, 162 
consequently underleveraging the available natural heatsink, given the restric�ons imposed by the 163 
turbomachinery. The opera�on of the Thermal Adapter model is not restricted by the ambient 164 
temperatures to the same degree, however, is s�ll suscep�ble to efficiency losses arising from off-design 165 
opera�on of the Propane compressor. 166 

Specific Work 167 

Figure 4 depicts the varia�on of specific work produced by the cycle, with varia�ons in the heat rejec�on 168 
temperature. The improved performance of the thermal adapter model is atributed to the higher-169 
pressure ra�o across the turbine, and the lower work required to pump liquid CO2. The adapter model 170 
exhibits a 15% higher net work at TRej of 26°C, quickly rising to a 60% higher net work at a TRej of 39°C when 171 
compared to the reference model. 172 

Impact on Salt Heat Exchange Process 173 

The primary heat input step in the proposed nuclear power applica�on is through a salt heat exchanger. 174 
The stable opera�on of the nuclear process benefits from maintaining a steady heat transfer between the 175 
salt and the atached power cycle. Figure 5 and Figure 6 depict the impact of varia�ons in environmental 176 
condi�ons on the entry temperatures of CO2 into the salt heat exchanger, as well as the heat absorbed by 177 
the power cycle for a 1 kg/s mass flow rate of CO2, respec�vely. The graphs clearly show that the propane 178 
refrigera�on loop successfully isolates the power cycle, and consequently the nuclear process from any 179 
transient environmental condi�ons, providing a constant CO2 inlet temperature to, and constant Qout from 180 
the salt loop. 181 

T-S Diagram at TRej = 40°C 182 

A comparison between the T-S diagrams of the Thermal Adapter model, and the Reference model, when 183 
opera�ng under iden�cal temperature boundary condi�ons is depicted in Figure 7 and Figure 8. This chart 184 
depicts the ability of the propane refrigera�on loop to pull the CO2 into the liquid phase, allowing for near 185 
isothermal heat rejec�on, as opposed to the large temperature gradient across the rejec�on step in the 186 
reference model. The ability of the propane loop to exchange heat isothermally with both the CO2 loop, 187 
and the environment, results in an overall more efficient system. This behavior is consistent in all cases 188 
where TRej > 32 ̊C. 189 

Exergy Analysis and Second Law Efficiency 190 
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A detailed exergy analysis was conducted to thermodynamically analyze and compare the performance of 191 
the Thermal Adapter model with the Reference model. The analysis assumes heat input through an 192 
isothermal heat source at 650°C, and an isothermal heat sink at the rejec�on temperature. The exergy 193 
entering the system, and the irreversibility of each of the unit processes are calculated based on the 194 
formulae in Table 2. 195 

Figure 9 and Figure 10 display the comparison of irreversibility as a percentage of exergy entering the 196 
system for a 40°C heat rejec�on case. The irreversibility of the “Rejec�on” process in the Reference model 197 
refers solely to the work lost while rejec�ng heat to the environment. The irreversibility of rejec�on in the 198 
Thermal Adapter model refers to the sum of the work lost across the CO2-propane heat exchanger, along 199 
with the work lost in the propane cycle (compressor, condenser, and throtle).  200 

The data shows that the irreversibility of heat rejec�on is significantly lower in the Thermal Adapter model, 201 
despite the presence of addi�onal equipment and processes. The facilita�on of isothermal heat rejec�on 202 
from the CO2 loop to the Propane loop as opposed to direct heat rejec�on to the atmosphere results in an 203 
overall less irreversible (more efficient) system. This behavior is exhibited for all cases where the heat 204 
rejec�on temperature is greater than the cri�cal temperature of CO2. 205 

Conclusion 206 

The benefits of a condensing transcri�cal CO2 power cycles are well established in literature. A primary 207 
barrier associated with such a process is the proximity of the cri�cal temperature to ambient condi�ons, 208 
wherein varia�ons in environmental temperatures disrupt the ability to condense CO2 in the heat rejec�on 209 
step. Further, this study is directed towards the applica�on of sCO2 cycles in the nuclear industry, where 210 
maintaining stable opera�ng condi�ons in the power cycle and the nuclear plant, irrespec�ve of transient 211 
ambient condi�ons, are of importance.  This analysis follows a thorough modelling effort resul�ng in the 212 
development of a “Thermal Adapter” system which incorporates a propane refrigera�on botoming loop 213 
for a condensing CO2 cycle and evaluates the ability of a such a loop to isolate the power cycle from 214 
ambient temperature fluctua�ons, and the effect of the botoming loop on the thermodynamic 215 
performance of the overall system. The proposed system is compared against a standard condensing sCO2 216 
power cycle rejec�ng heat directly to the environment. 217 

A thermodynamic and exergy analysis resulted in the following conclusions: 218 

• The Thermal adapter model successfully isolates the power cycle from ambient thermal 219 
fluctua�ons, as measured by the constant inlet temperature to, and heat duty absorbed from the 220 
salt HEX. In contrast, a 25 ̊C varia�on in ambient temperature in the reference model results in an 221 
83 ̊C varia�on in CO2 inlet temp to the salt HEX.  222 

 223 

• The Thermal Adapter model boasts of a higher specific work at almost all ambient temperatures, 224 
despite the presence of addi�onal rota�ng equipment (12% higher at a TRej of 25 ̊C, and 61% higher 225 
at 40 ̊C). This is atributed to a higher pressure ra�o across the turbine, and ease of pressurizing 226 
liquid CO2 as opposed to a gas compression process.  227 

 228 
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• The Thermal Adapter model exhibits a significantly higher efficiency than the reference model at 229 
all TRej > 32 ̊C, due to the isothermal heat rejec�on via condensa�on. The exergy analysis around 230 
this process shows that this isothermal rejec�on step compensates for the irreversibili�es added 231 
by the propane loop, resul�ng in a net efficiency gain when compared to the Reference model. 232 

The reference model in this study shows a higher efficiency when the TRej is between 25 ̊C and 32 ̊C, as the 233 
model benefits from the condensa�on of the CO2 without the parasi�c load of the refrigera�on cycle. 234 
However, this performance is con�ngent on the compressor pressurizing liquid CO2 at the same efficiency 235 
as gaseous CO2, and such high performance has been shown to be unlikely. Further, the thermal adapter 236 
model may be modified such that when the ambient condi�ons are sufficiently low, the propane loop may 237 
be shut down, and the CO2 stream can be redirected to reject heat directly to the environment, allowing 238 
for natural condensa�on. Following these two considera�ons, the authors believe that the Thermal 239 
Adapter model may thermodynamically outperform the reference model at all environmental condi�ons; 240 
however, further inves�ga�on is recommended. Addi�onal perks of the newly devised set up are the 241 
ability to design a singular power cycle for applica�on in various clima�c zones with minor modifica�ons 242 
to the refrigera�on loop alone, which result in engineering design cost saving and commonality of 243 
hardware. 244 

245 
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Tables 271 

 272 

Parameters Reference 
Model 

Thermal Adapter 
Model 

High Pressure 20 MPa 20 MPa 

TSource 650°C 650°C 

HTR Approach Temp 4°C 4°C 

LTR Approach Temp 3.5°C 3.5°C 

Total Mass Flow 1 Kg/s 1 Kg/s 

Split Ra�o (To Heat Rejec�on) 0.604 0.544 

TRejec�on (TRej) 15°C – 45°C 15°C – 45°C 

η Main-compressor 0.85 - 

η Pump - 0.85 

η Re-compressor 0.87 0.87 

η Turbine 0.9 0.9 

η Propane Compressor - 0.9 

CO2-Propane HEX Approach Temp - 3°C 

CO2 Condensa�on Temp - 15°C 

Pressure Drop 5% of total 5% of total 

Table 1: Model Parameters 273 

  274 

 275 

 276 

 277 
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   278 Component Formula 

Exergy flow in 𝛷𝛷𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑖𝑖𝑖𝑖 ∗ (1 −
𝑇𝑇𝑜𝑜

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
) 

Turbomachinery 𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑚̇𝑚 ∗ 𝑇𝑇𝑜𝑜 ∗ (𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑠𝑠𝑖𝑖𝑖𝑖) 

Valve 𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑚̇𝑚 ∗ 𝑇𝑇𝑜𝑜 ∗ (𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑠𝑠𝑖𝑖𝑖𝑖) 

Heat Exchanger 𝑖𝑖𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑇𝑇𝑜𝑜 ∗ [𝑚̇𝑚ℎ�𝑠𝑠ℎ,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑠𝑠ℎ,𝑖𝑖𝑖𝑖� + 𝑚̇𝑚𝑐𝑐�𝑠𝑠𝑐𝑐,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑠𝑠𝑐𝑐,𝑖𝑖𝑖𝑖�] 

Heater 𝑖𝑖ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑇𝑇𝑜𝑜 ∗ [𝑚̇𝑚 ∗ (𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑠𝑠𝑖𝑖𝑖𝑖) −
𝑄𝑄𝑖𝑖𝑖𝑖

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
] 

Cooler 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑜𝑜 ∗ [𝑚̇𝑚 ∗ (𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑠𝑠𝑖𝑖𝑖𝑖) +
𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

] 

Table 2: Exergy Analysis Calculations 
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Figures 279 
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 281 

 282 

 283 

 284 

  285 

Figure 1: Model Schematic (TRej = 40 C) 
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 287 

Figure 2: Split Flow Ratio Optimization 288 
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 291 

Figure 3: Efficiency v/s TRej 292 
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 295 

Figure 4: Specific Work v/s TRej 296 
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 299 

Figure 5: CO2 Approach temp to Salt HEX v/s TRej 300 
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 303 

Figure 6: Heat duty absorbed from Salt v/s TRej 304 

  305 

150

200

250

300

15 20 25 30 35 40 45

Q
in

fr
om

 S
al

t (
kJ

)

Rejection Temperature (˚C)

Effect of TRej on Heat Transferred From Salt
Reference Thermal Adapter



The 8th International Supercritical CO2 Power Cycles Symposium 
 February 27 – 29, 2024, San Antonio, Texas 

Paper #26 

 306 

 307 

 308 

Figure 7: T-S Diagram of Thermal Adapter Model 309 
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 312 

Figure 8: T-S Diagram of Reference Model 313 
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 315 

Figure 9: Exergy Analysis Results 316 
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Figure 10: Exergy Analysis Results (Total) 319 
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Appendix A 326 

Analysis of Ideal and Real Heat Engine – Refrigerator Combined Cycle 327 

Jon D. McWhirter, Ph.D., P.E. 328 

TerraPower, LLC 329 

1 PURPOSE  330 

This work is to demonstrate the thermodynamic feasibility of a combined cycle with sub-ambient heat 331 
rejection from a power cycle to a refrigeration system then ultimate heat rejection above the ambient 332 
temperature. 333 

2 NOMENCLATURE 334 

η - efficiency 335 
T - temperature 336 
Q - heat 337 
β - coefficient of performance of refrigerator 338 
W - work 339 

3 SUMMARY  340 

The Supercritical CO2 Brayton cycle with Recuperation and Recompression, being investigated by 341 
various parties for application to nuclear plants but may suffer from issues related to the instability of 342 
operations in the vicinity of the critical point.  The ambient temperatures worldwide vary enough to 343 
be above and below the CO2 critical point of 31.1 °C.  A combined cycle with Supercritical CO2 power 344 
cycle rejecting heat to a refrigeration cycle is a potential scheme to maintain stable operating points 345 
of the CO2 while having the ‘bottoming’ refrigeration cycle as a ‘thermal adapter’ to absorb variations 346 
in the ambient temperature while maintaining fixed CO2 state points.  To demonstrate that there is 347 
no violation of the Second Law of Thermodynamics, it is shown that the overall cycle efficiency does 348 
not exceed the Carnot Cycle efficiency for a heat engine operating between a high temperature 349 
reservoir and the ambient temperature.  It is emphasized that the combined cycle efficiency is not 350 
guaranteed to be higher that the stand-alone Brayton cycle. 351 

4 BACKGROUND  352 

The Supercritical CO2 Brayton cycle with Recuperation and Recompression is being investigated by 353 
various parties for application to nuclear plants (Dostal, Driscoll, & Hejzlar, 2004).  However, the 354 
potential difficulty of maintaining stability in the vicinity of the critical point, 31.1 °C, and the strong 355 
variation of the cycle performance as the ambient temperature changes, are complications, though 356 
some analyses show stable operation of a compressor in the vicinity of the critical point (Wright, 357 
Radel, Vernon, Rochau, & Pickard, 2010).  The notion of using a refrigeration cycle to create a stable 358 
cold space for the power cycle heat to be rejected to is proposed as a method of avoiding the issues 359 
associated with the critical point and the ambient temperature variation by having the heat sink 360 
sufficiently cool so that the CO2 can be readily condensed regardless of the ambient temperature.  To 361 
demonstrate that there is no violation of the Second Law of Thermodynamics, ideal efficiencies (i.e., 362 
Carnot) for the heat engine and the refrigerator are employed to arrive at equations demonstrating 363 
the efficiency for such a scheme relative to the Carnot efficiency.   364 
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5 ANALYSIS 365 

5.1 Combined cycle description 366 
A schematic of the system is shown below in Figure 1.  Four thermal reservoirs are involved: the high 367 
temperature Heat Source at TH, the ultimate Heat Sink at TAMBIENT, the heat rejection temperature for 368 
the heat engine TL, and the cold space temperature for the refrigerator, TL’.  For heat to flow from the 369 
heat engine heat sink temperature to the refrigerator cold space, a temperature difference, DT = TL - 370 
TL’ ≥ 0, is introduced. Heat from a high temperature reservoir is converted to work in a Carnot cycle 371 
with the rejected heat discharged to heat engine heat sink; this heat in its entirety then flows to a 372 
colder temperature region generated by the refrigeration cycle.  The Carnot refrigerator then takes 373 
this quantity of heat, and with a portion of the work produced by the heat engine, compresses the 374 
refrigerant to a temperature at ambient; the ultimate heat rejected must include the contribution due 375 
to the refrigeration compressor work.  The combined cycle net work, 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁 is then the heat engine 376 
work 𝑊𝑊𝐻𝐻𝐻𝐻  less the work required for the refrigeration compressor, 𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅.  377 

5.2 Ideal Analysis 378 
Beginning with a standard Carnot Heat Engine (Van Wylen & Sonntag, 1986) operating between a 379 
thermal reservoir heat source at TH and a thermal reservoir heat sink at TL, we have:  380 

 381 

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 1 −
𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻

 (7-1) 

 382 

so 383 

𝑊𝑊𝐻𝐻𝐻𝐻 = 𝑄𝑄𝐻𝐻 �1 −
𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻
� (7-2) 

 384 

And, by reversibility and the definition of absolute temperature, 385 

𝑄𝑄𝐻𝐻
𝑇𝑇𝐻𝐻

=
𝑄𝑄𝐿𝐿
𝑇𝑇𝐿𝐿

 (7-3) 

 386 

Thus 387 

𝑊𝑊𝐻𝐻𝐻𝐻 = 𝑄𝑄𝐿𝐿
𝑇𝑇𝐻𝐻
𝑇𝑇𝐿𝐿
�1 −

𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻
� = 𝑄𝑄𝐿𝐿 �

𝑇𝑇𝐻𝐻
𝑇𝑇𝐿𝐿
− 1� (7-4) 

 388 

Next we introduce a Carnot Refrigerator absorbing heat at TL’ and rejecting heat to the ambient at 389 
TAMBIENT.  390 
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 391 

Figure 11: Schematic of the Combined Cycle 392 

 393 

The Coefficient of Performance of the Carnot Refrigerator (Van Wylen & Sonntag, 1986) is 394 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =
𝑄𝑄𝐿𝐿
𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅

=
𝑄𝑄𝐿𝐿

𝑄𝑄𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑄𝑄𝐿𝐿
=

𝑇𝑇𝐿𝐿′
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑇𝑇𝐿𝐿′

 (7-5) 

 395 

So 396 

𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑄𝑄𝐿𝐿 �
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑇𝑇𝐿𝐿′

𝑇𝑇𝐿𝐿′
� = 𝑄𝑄𝐿𝐿 �

𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇𝐿𝐿′

− 1� (7-6) 

 397 

Hence 398 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑊𝑊𝐻𝐻𝐻𝐻 −𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑄𝑄𝐿𝐿 �
𝑇𝑇𝐻𝐻
𝑇𝑇𝐿𝐿
− 1� − 𝑄𝑄L �

𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇𝐿𝐿′

− 1� (7-7) 
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 399 

 400 

The goal is to find the overall efficiency, hOVERALL, as a function of the thermal reservoir and ambient 401 
temperatures and the difference between the two low-temperature reservoirs, DT.  Since 402 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑊𝑊𝐻𝐻𝐻𝐻 −𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑄𝑄𝐿𝐿 ��
𝑇𝑇𝐻𝐻
𝑇𝑇𝐿𝐿
− 1� − �

𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇𝐿𝐿′

− 1�� = 𝑄𝑄𝐿𝐿 �
𝑇𝑇𝐻𝐻
𝑇𝑇𝐿𝐿
−
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑇𝑇𝐿𝐿′
� 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑄𝑄𝐻𝐻
𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻

�
𝑇𝑇𝐻𝐻
𝑇𝑇𝐿𝐿
−
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑇𝑇𝐿𝐿′
� = 𝑄𝑄𝐻𝐻 �1 −

𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻

𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇𝐿𝐿′

� 

∴ 𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =
𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁

𝑄𝑄𝐻𝐻
= �1 −

𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻

𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇𝐿𝐿′

� 

(7-8) 

 403 

With the power cycle heat rejection temperature slightly higher than the refrigeration cycle heat 404 
removal temperature, 405 

 406 

𝑇𝑇𝐿𝐿 = 𝑇𝑇𝐿𝐿′ + 𝛥𝛥𝛥𝛥,𝛥𝛥𝛥𝛥 > 0 (7-9) 

 407 

there results: 408 

𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =
𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁

𝑄𝑄𝐻𝐻
= 1 − �

𝑇𝑇𝐿𝐿′ + 𝛥𝛥𝛥𝛥
𝑇𝑇𝐻𝐻

� �
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑇𝑇𝐿𝐿′
� 

∴ 𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 1 − �
𝑇𝑇𝐿𝐿′ + 𝛥𝛥𝛥𝛥
𝑇𝑇𝐿𝐿′

� �
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑇𝑇𝐻𝐻
� 

 

 

(7-10) 

 409 

Now for some limiting cases. Note that for DT = 0, we arrive at the expected overall efficiency for an 410 
ideal heat engine operating between the high temperature reservoir and the ambient, 𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶: 411 

𝛥𝛥𝛥𝛥 = 0 → 𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 1 − �
𝑇𝑇𝐿𝐿′
𝑇𝑇𝐿𝐿′

� �
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑇𝑇𝐻𝐻
� = 1 −

𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇𝐻𝐻

= 𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (7-11) 

 412 

for a cycle between TH and TAMBIENT. Now, as DT > 0 (by definition), the overall efficiency is less than 413 
the Carnot efficiency – the numerator of the subtrahend in Eq. (7-11) is larger than that of the ideal 414 
case, so the difference is smaller. Hence, the Second Law of Thermodynamics remains observed since 415 
the Carnot cycle efficiency is not exceeded. Some other observations of the mathematics can be 416 
demonstrated more readily by looking at the ratio of the Carnot efficiency and the Overall Efficiency: 417 
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𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂,∆𝑇𝑇≠0

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
=

1 − �𝑇𝑇𝐿𝐿′ + 𝛥𝛥𝛥𝛥
𝑇𝑇𝐿𝐿′

� �𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝐻𝐻
�

1 − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇𝐻𝐻

=
1 − �𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝐻𝐻

� − �𝛥𝛥𝛥𝛥𝑇𝑇𝐿𝐿′
� �𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝐻𝐻

�

1 − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇𝐻𝐻

 

 

𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂,∆𝑇𝑇≠0

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
=

(𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �
𝛥𝛥𝛥𝛥
𝑇𝑇𝐿𝐿′

�

(𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)  

 

∴
𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂,∆𝑇𝑇≠0

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
= 1 −

𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �
𝛥𝛥𝛥𝛥
𝑇𝑇𝐿𝐿′

�

𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
< 1,∀ 𝛥𝛥𝛥𝛥 > 0 

 

 

 

 

 

 

 

 

 

(7-12) 

So as derived above, the Carnot efficiency is approached as ∆T⟶0. Also, the relative deviation from 418 
Carnot efficiency rises as TAMBIENT rises, a reasonable expectation. 419 

6 REAL CYCLES 420 
The objective of the real cycle analysis is to express the efficiency of an overall cycle in terms of the 421 
performance metrics of the heat engine and the refrigeration system. For a real heat engine with 422 
efficiency h and a refrigeration cycle with coefficient of performance b, with appropriate 423 
temperatures to foster the heat flows from higher to lower temperature, the work produced by the 424 
heat engine, for a heat input QH, is WHE = h QH. The rejected heat is, therefore,  425 

 426 

𝑄𝑄𝐿𝐿 = (1 − 𝜂𝜂)𝑄𝑄𝐻𝐻 (7-13) 

 427 

which is the heat that must be lifted and rejected by the refrigeration cycle. The coefficient of 428 
performance, β, for the refrigeration cycle is  429 

 430 

  𝛽𝛽 = 𝑄𝑄𝐿𝐿/𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅 ⇒ 𝑄𝑄𝐿𝐿 = 𝛽𝛽𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅  

 

(7-14) 

substituting for QL yields  431 

 432 

𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅 = (1 − 𝜂𝜂)𝑄𝑄𝐻𝐻/𝛽𝛽 

 

(7-15) 

 433 
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 The net work for the system is the heat engine work less the refrigeration cycle work, or  435 

 436 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑊𝑊𝐻𝐻𝐻𝐻 −𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜂𝜂𝑄𝑄𝐻𝐻 −
(1 − 𝜂𝜂)𝑄𝑄𝐻𝐻

𝛽𝛽
= 𝑄𝑄𝐻𝐻(𝜂𝜂 − (1 − 𝜂𝜂)/𝛽𝛽) 

 

(7-16) 

The overall efficiency is found by dividing the net work by the heat input, or  437 

 438 

𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝜂𝜂 − (1 − 𝜂𝜂)/𝛽𝛽 (7-17) 

 439 

7 CONCLUSIONS 440 

Ideal and real analyses have demonstrated that such a combined cycle with a cold space operating 441 
below ambient temperature, created by a refrigeration cycle rejecting heat to ambient, follows 442 
expected behavior mathematically.  However, the test of whether this results in a gain over the 443 
‘original’ Brayton cycle rejecting heat directly to ambient alone is not evaluated herein.  That analysis 444 
is more complicated mathematically and must be realistically evaluated numerically with real 445 
thermodynamic state point data.   446 
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