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Abstract

In this study, an evolutionary thermodynamic technique was developed for the optimization of heat exchanger 
circuitry. The developed technique is capable of handling the implementation of genetic operators with an 
unrestrained number and location of splitting and merging nodes while ensuring circuitry feasibility and 
manufacturability. The optimization tool was used to clarify the optimal heat transfer features in relation to the 
thermophysical and transport characteristics of the refrigerant and to provide a thermodynamic interpretation 
of the optimization results to extract general design guidelines. Circuitry optimization was conducted for a 
finned-tube evaporator with 36 tubes integrated into a thermodynamic cycle under a given cooling capacity, 
superheating degree, and boundary conditions representative of air-conditioning applications. The consistency 
between the minimum entropy generation and the maximum coefficient of performance (COP) was 
demonstrated under these settings. Furthermore, the thermodynamic interrelations between the minimum 
entropy generation and maximum COP are discussed, and optimal heat exchanger configurations that 
maximize the performance of each refrigerant by minimizing friction and heat transfer irreversibility are 
proposed. Consequently, the evaporator outlet pressure increases, thus lowering the compression ratio and 
maximizing the COP. The proposed optimization method maximizes the benefits of low-GWP alternative 
refrigerants and shows that low-GWP zeotropic mixtures exhibit the largest benefit from the developed 
circuitry optimization procedure and may achieve a performance comparable to that of R32 and higher than 
that of R410A by approaching a Lorenz cycle operation.

Keywords: Thermodynamic analysis, Circuitry optimization, Zeotropic refrigerant mixture, Genetic 
programming

1. Introduction

In an effort towards transitioning to more environmentally friendly fluids, stricter ozone depleting potential 
(ODP) and global warming potential (GWP) limitations have resulted in renewed interest in natural refrigerants 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4768590

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed

mailto:niccolo@aoni.waseda.jp


and the development of new refrigerant blends such as zeotropic mixtures. Although natural refrigerants might 
be the most desirable long-term alternative, charge limitations and other selection criteria might restrict their 
use, and refrigerant blends might provide a broader spectrum of possible alternatives that are closer to optimal 
solutions. However, the performance assessment of such refrigerant blends and new low-GWP refrigerants 
remains inconclusive. For instance, zeotropic mixtures are refrigerants that introduce some thermodynamic 
benefits derived from low GWP values and characteristic temperature glide, yielding the possibility of realizing 
a Lorenz cycle operation. Nonetheless, in practice, these advantages remain unexploited because of two main 
challenges: (i) Challenging transport properties with a large pressure drop and limited transfer coefficient, 
which precludes taking advantage of the characteristic temperature glide. (ii) Ineffective design and 
optimization techniques that introduce unnecessary thermodynamic losses and increase the mean temperature 
difference between the primary and secondary fluids [1].

Accordingly, to maximize the advantages of next-generation refrigerants, heat exchangers have a critical 
influence on the overall system performance and represent the system's thermal interface in specific application 
cases. Therefore, heat exchangers are key components that must be optimized to maximize the heat transfer 
and minimize thermodynamic losses. When designing smaller or more efficient heat exchangers, the limited 
airside heat-transfer coefficient represents the main resistance, and previous studies have focused on 
developing high-performance airside transfer surfaces [2–5]. Complementarily, the heat exchanger 
performance is the result of a combination of airside heat transfer and two-phase refrigerant heat, mass, and 
momentum transfer. There is a large variability in the thermophysical properties of the refrigerant side, 
accompanied by large variations in the local heat-transfer coefficient, local pressure drop, and local 
temperature difference between the refrigerant and air. These complexities exhibit different characteristics and 
intensities with respect to the different refrigerant properties and structural characteristics of the heat exchanger, 
such as the splitting and merging junctions, which define the local refrigerant flow rate and quality distribution. 
Consequently, more efficient and compact heat exchangers may be obtained by acting on the refrigerant 
circuitry to optimize the local thermal matching between the air and refrigerant temperatures, pressure drop, 
and heat-transfer coefficient in relation to the refrigerant characteristics for given system requirements [6]. 
However, the effort presently required to design heat exchangers with high thermal effectiveness is significant 
for manufacturers, requiring trial-and-error procedures and multiple expensive experimental tests.

This study focuses on refrigerant circuitry optimization as an effective way to influence the local temperature 
difference, pressure drop, and heat-transfer coefficient. Accordingly, genetic programming and traversing 
algorithms from graph theory are integrated with a numerical simulator to establish an automatized refrigerant-
circuitry optimization technique that can handle the implementation of genetic operators with unrestrained 
number and location of splitting and merging nodes, while ensuring circuitry feasibility and manufacturability. 
The developed optimization method and the thermodynamic analysis of the results provide insights into the 
optimal heat transfer features of the system, where entropy generation is used as a design tool for the 
advancement of next-generation refrigerants. 

The remainder of this paper is organized as follows. Section 2 provides a brief overview of the adopted 
numerical model of the heat exchanger, the circuitry optimization algorithm, and the optimization settings. 
Results are presented in Section 3, which discusses their thermodynamic interpretation and application for 
refrigerant performance evaluation when optimal heat exchanger topologies are adopted to take advantage of 
the thermodynamic benefits of each refrigerant. Finally, Section 4 draws the main conclusions.

2. Simulator and optimization tool

Extensive research efforts have been dedicated to the optimization of refrigerant circuitry. For instance, Liang 
et al. [7] investigated the effect of circuitry branching on the heat transfer and pressure drop characteristics; 
however, their study was limited to refrigerant circuitry with two branches. Subsequent research adopted 
evolutionary search methods such as genetic algorithms to deal with the extensive search space of possible 
tube connections. Domanski [8–10] developed a public-domain simulation platform to analyze finned-tube 
evaporators and condensers with complex circuitry arrangements. This model was further developed by Lee 
et al. [11], who considered a two-dimensional airflow distribution. Liang et al. [12] evaluated the performance 
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of different refrigerant circuits using an exergy destruction analysis. Ploskas et al. [13] applied derivative-free 
optimization algorithms to the simulation and design tools developed by Jiang et al. [14]. Li et al. [15] 
developed a new integer-permutation-based genetic algorithm (IPGA) for circuitry optimization with 
manufacturability and operating constraints. Recently, Ishaque and Kim [16] proposed an optimization 
algorithm based on knowledge- and permutation-based modules to maximize the heat-transfer capacity while 
providing feasible and efficient refrigerant circuits. However, no conclusive optimization tool has been 
established because of the following two main challenges: 

- Unsuitable mathematical representations of the refrigerant circuitry, which provide non-bijective relations 
between the physical circuitry and its mathematical representation, and are unable to detect unfeasible 
circuitries;

- Limited search spaces, where only simple circuits with predetermined locations and numbers of splits are 
considered [17, 13, 18] owing to ineffective evolutionary techniques that are unable to manage genetic 
operators in complex circuitries.

Therefore, except for simplified analytical approaches that consider constant transport properties along the 
refrigerant flow [19-20], these efforts do not provide answers for defining the number and location of splitting 
and merging within refrigerant circuitry. 

To overcome these issues, this study relies on the concept of graph theory to develop a suitable mathematical 
representation of refrigerant circuitry to construct a one-to-one relationship with physical circuitry and 
recognize unfeasible features. In addition, genetic programming was used to apply genetic operators to an 
unrestrained search space of complex circuitry with an arbitrary number and location of split/merge junctions. 
A simulator was developed around a bijective mathematical representation of the refrigerant circuitry, called 
the tube–tube adjacency matrix (described in [21]), and related constraints were formulated to ensure the 
coherence and feasibility of the circuitry during the evolutionary search. Consequently, a novel evolutionary 
algorithm for refrigerant circuit optimization was developed [22].

Circuitry formulation

The tube-tube adjacency matrix (Fig. 1) was developed in a previous study [21]. It consists of a square and 
anti-symmetric matrix that contains all information on refrigerant circuitry, which is employed in setting the 
governing equations for each tube, and is connected with traversing algorithms to detect unfeasible connections 
(for more details, please refer to [21]).

    

Fig. 1 Schematic of a finned-tube heat exchanger and its corresponding tube-tube adjacency matrix

The direct application of genetic operators to the chromosomes of parent circuitries may result in unfeasible 
and nonphysical offsprings. As a result, the generation of nonphysical circuitries is excluded based on the 
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formulation of the corresponding topology constraints, including non-connected tubes, unfeasible internal 
loops, and upstream flows of a merge coming from opposite sides of the heat exchanger (for details regarding 
the mathematical formulation of these limitations, please refer to [22] and [23]). 

Furthermore, two manufacturability constraints in the circuitry arrangements were considered (Fig. 2): U-
bends longer than the prescribed manufacturing limit and heat exchanger outlets on different sides of the heat 
exchanger. The limitation of possible gene combinations using these constraints can significantly reduce the 
size of the search space and facilitate the evolutionary algorithm convergence. 

       

Fig. 2 Manufacturability constraints

Numerical model

The model was developed by considering both the physical accuracy required to capture complex two-phase 
heat transfer and pressure drop characteristics, as well as the calculation cost for effective integration with 
evolutionary algorithms. Accordingly, a tube-by-tube approach was considered along with the following 
assumptions: steady state, negligible change in potential and kinetic energy, negligible heat transfer in the tube 
bends, and uniform air distribution. The heat transfer and pressure drop of the air were modeled using the Kim-
Youn-Webb [24,25] correlations for the airside heat-transfer coefficient and pressure drop. The refrigerant-
side heat transfer was modelled using Shah correlations (1982) [26] and (2015) [27] for the saturated boiling 
heat transfer of pure refrigerants and zeotropic mixtures, respectively, and the Dittus-Boelter equation [28] 
was used for the single-phase heat-transfer coefficient. Müller–Steinhagen and Heck [29] adopted the two-
phase refrigerant pressure gradient. Popiel and Wojtkowiak [30] is used to calculate the single-phase pressure 
drop in U-bends, while Domanski and Hermes [31] used a two-phase flow. The model was validated through 
dedicated experimental tests on a 28-tube evaporator using R410A. The simulated overall heat duty and 
pressure drop were within 7% and 8% of the experimental values, respectively. In addition, the accuracy of 
the local temperature distribution was confirmed [21,22].

Circuitry optimization algorithm

Evolutionary algorithms have been widely used to solve optimization problems owing to their robustness and 
flexibility in deriving solutions in complex spaces. The developed optimization algorithm is a path generation 
algorithm based on genetic programming, which applies genetic operators to tree structures used as genotypes, 
while overcoming limitations related to the management of unrestricted numbers and locations of splits and 
merges. In such tree structures, each node corresponds to a unique tube and is generated according to rules 
designed to exclude unfeasible circuits. Each tree (circuit) starts with root nodes (inlet tubes) and ends with 
leaves (outlet tubes). A tree can branch into subtrees if splits and merges exist within the circuit. The depth of 
the tree is equal to the number of nodes that must be traversed from the root node to reach the leaf. The 
proposed algorithm consists of five main phases: (I) initialization, (II) selection, (III) crossover, (IV) mutation, 
and (V) application of physical constraints (as illustrated in Fig. 3).

Dv
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Fig. 3 Schematic representation of the optimization algorithm.

The search process is based on the first initialization of the population and its evolution towards the subsequent 
generations. The population individuals from each generation are evaluated on the basis of a fitness function 
(hereby referred to as “objective function”) and the selection of parents is based on the roulette wheel method 
[32], where the probability of an individual to be chosen as a parent is proportional to its fitness value. 
Consequently, genetic operations such as crossover and mutation are applied to the parent circuits to obtain 
new offspring circuits. Finally, it is ensured that the resulting tree structures satisfy the physical and 
manufacturability constraints of the actual refrigerant circuits of the heat exchangers, and the generated 
structures are selected for the next generation. This process is repeated until convergence to the optimization 
criterion or until the maximum number of generations is reached.

Objective function and optimization settings

Irreversibility assessment for an efficient heat exchanger design has been recognized since the theoretical work 
of Bejan [33], complemented by Grazzini and Gori [34], and has been extensively applied to different 
technologies [35-36]. In this study, the local air and refrigerant states were calculated based on the numerical 
model presented above, while each tube’s airside and refrigerant-side entropy generation were calculated using 
Eqs. (1) and (2), respectively. Here, 𝑄𝑛 represents the heat transfer rate at tube n. ∆𝑃𝑎,𝑛, ∆𝑃𝑟,𝑛, 𝑚𝑎,𝑛, and 𝑚𝑟,𝑛 
are the airside pressure drop, refrigerant-side pressure drop, air flow rate, and refrigerant flow rate at tube n, 
respectively. 𝑇𝑟,𝑛, 𝑇𝑤,𝑛, and 𝑇𝑎,𝑛 are the refrigerant-inlet, wall, and air-inlet temperatures, respectively.

𝑆𝑔𝑒𝑛,𝑎,𝑛 = 𝑄𝑛
𝑇𝑎,𝑛 ― 𝑇𝑤,𝑛

𝑇𝑎,𝑛𝑇𝑤,𝑛
+ 𝑚𝑎,𝑛

𝑣𝑎,𝑛

𝑇𝑎,𝑛
∆𝑃𝑎,𝑛  (1)

𝑆𝑔𝑒𝑛,𝑟,𝑛 = 𝑄𝑛
𝑇𝑤,𝑛 ― 𝑇𝑟,𝑛

𝑇𝑤,𝑛𝑇𝑟,𝑛
+ 𝑚𝑟,𝑛

𝑣𝑟,𝑛

𝑇𝑟,𝑛
∆𝑃𝑟,𝑛       (2)

Accordingly, the objective function adopted to evaluate the fitness of the circuits generated by the evolutionary 
path-generation algorithm is the minimum total entropy generation, defined as follows: 

𝑆𝑔𝑒𝑛 = ∑𝑁
𝑛=1 (𝑄𝑛

𝑇𝑤,𝑛 ― 𝑇𝑟,𝑛

𝑇𝑤,𝑛𝑇𝑟,𝑛
+ 𝑄𝑛

𝑇𝑎,𝑛 ― 𝑇𝑤,𝑛

𝑇𝑎,𝑛𝑇𝑤,𝑛
+ 𝑚𝑟,𝑛

𝑣𝑟,𝑛

𝑇𝑟,𝑛
∆𝑃𝑟,𝑛 + 𝑚𝑎,𝑛

𝑣𝑎,𝑛

𝑇𝑎,𝑛
∆𝑃𝑎,𝑛)

𝑛
 (3)

The proposed evolutionary algorithm was applied to optimize the evaporator within an air-conditioning cycle 
to evaluate the performance of different refrigerants. Three representative refrigerants for air-conditioning 
applications were investigated: a pure refrigerant (R32), a near-azeotropic mixture (R410A), and a low-GWP 
zeotropic mixture (R454C). The search for refrigerant circuitries approaching the optimal results for a given 
objective function was performed for a 36-tube evaporator with 12 tube rows and the transfer surface features 
previously adopted by Domanski et al. [17] (Table 1). The single-split circuit configuration shown in Fig. 4 
[17] was used as the baseline circuit for comparison. In the schematic, the inlet tubes are represented by thick-
bordered circles, outlet tubes by “O” symbols, and splits by “S” symbols. The solid lines represent the return 
bends on the front side of the heat exchanger, while the return bends on the back side are represented by dashed 
lines. 
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 (a)  (b)

Fig. 4 (a) Evaporator configuration and (b) baseline circuitry from [14].

Table 1. Geometric features of the evaporator

Tube outer diameter 0.01 m
Tube inner diameter 0.0092 m
Tube length 0.5 m
Tube vertical pitch 0.0222 m
Tube transversal pitch 0.0254 m
Fin spacing 0.002 m
Fin thickness 0.0002 m

The input parameters, such as the return room air temperature, adiabatic efficiency of the compressor, air inlet 
conditions, and inlet enthalpy of the evaporator, defined isenthalpically by the condensing temperature and 
subcooling degree, are summarized in Table 2. For zeotropic refrigerant mixtures, the saturation pressure is 
determined with reference to the average temperature between the boiling and dew points. The iterated values 
are the local refrigerant state and flow rate at each tube, in addition to the total refrigerant and air flow rates, 
and the inlet pressure to the evaporator while converging to a given cooling capacity, supply air temperature, 
and superheating requirements.

Table 2. Operating conditions of the evaporator and condenser

Air inlet temperature (return air from the room) 26 °C
Air inlet pressure 101.325 kPa
Air outlet temperature (supply air to the room) 18 °C
Superheating degree 5 K
Cooling capacity 4,6,8,10 kW
Condensation temperature 45 °C
Subcooling degree 5 K
Compressor isentropic efficiency 0.85
Electric motor efficiency 0.85

For a given cooling capacity, the cycle coefficient of performance (COP) may be maximized by minimizing 
the compressor work. Under the calculation conditions listed in Table 2, the maximum cycle efficiency may 
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be approached by searching for circuits that can maximize the evaporator outlet pressure (Eq. 4). This is 
consistent with the interpretation given by [20]

𝐶𝑂𝑃 = 𝑄𝑒

𝑊 =
𝑄𝑒

𝑚𝑟∆ℎ𝑐𝑜𝑚𝑝
=

𝑄𝑒

𝑄𝑒
∆ℎ𝑒

∆ℎ𝑖𝑠
𝜂𝑐𝑜𝑚𝑝

=
1

1
𝜂𝑐𝑜𝑚𝑝

ℎ(𝑝𝑐𝑜𝑛𝑑,𝑠𝑜𝑢𝑡,𝑒) ― ℎ(𝑝𝑜𝑢𝑡,𝑒,𝑇𝑠𝑎𝑡(𝑝𝑜𝑢𝑡,𝑒) + ∆𝑇𝑠ℎ)
ℎ(𝑝𝑜𝑢𝑡,𝑒,𝑇𝑠𝑎𝑡(𝑝𝑜𝑢𝑡,𝑒) + ∆𝑇𝑠ℎ) ― ℎ𝑖𝑛,𝑒

        (4)

The evaporator outlet pressure may be maximized by reducing the pressure drop and mean temperature 
difference between the refrigerant and air, which can be achieved by minimizing the corresponding irreversible 
thermodynamic losses, namely, entropy generation arising from friction and entropy generation related to 
finite-temperature-difference heat transfer. 

3. Results and discussion

The optimization runs adopted a population size of 500 times 100 generations; therefore, 50,000 circuitries 
were investigated for each run, according to the algorithm settings listed in Table 3. Finally, after reaching the 
maximum number of generations, the selected circuitry was further optimized using a tube-permutation 
procedure, which was directed to improve the thermal matching between the air and refrigerant temperature 
distribution. The corresponding optimization results are discussed to investigate the ability of the proposed 
optimization method to define suitable features of the refrigerant circuitry for different refrigerants and given 
operational requirements.

Table 3. Optimization search settings

Population size 500
Number of generations 100
Crossover probability 0.80
Mutation probability 0.005
Elitism probability 0.0005

Although Lee et al. [19] concluded that entropy generation minimization is an unsuitable method for optimal 
refrigerant circuit analysis because of the often-dominant effect of heat transfer on friction irreversibility, our 
results demonstrate consistency between minimum entropy generation and maximum COP when the 
calculation settings require convergence to a given output capacity requirement. The thermodynamic 
interrelations between minimum entropy generation and maximum COP were investigated and discussed, 
hence expanding the results of [20] to complex circuitries with unrestrained number and location of splitting 
junctions. Figure 5 illustrates the evolutionary progression of the search algorithm under the conditions 
described above for the optimization run conducted with R32 under a cooling capacity requirement of 6 kW. 
It can be seen that the optimization run progresses towards lower total irreversibility and more efficient heat 
exchanger configurations over 100 generations. More specifically, the results shown in Fig. 5 demonstrate that 
under the calculation conditions defined in Table 2, when the heat transfer irreversibility can be lowered at the 
expense of a moderately larger pressure drop and corresponding friction irreversibility, the total entropy 
generation at the corresponding evaporator can be minimized, and the cycle COP is maximized.

An optimization run was performed for each refrigerant and required cooling capacity. A near-optimum 
circuitry was obtained after each run. Figure 6 shows the circuitries obtained for the R32 calculations 
conducted in a range of 4–10 kW cooling capacity conditions. An interpretation of the schematics refers to the 
representation features in Fig. 4. Each heat exchanger configuration schematic is associated with a refrigerant 
flow path representation between the evaporator inlet and outlet. The latter provides a more immediate 
visualization of the number and location of split nodes as well as each branch length. It can be observed that 
the number of circuits and split locations vary according to the refrigerant and target capacity. Specifically, as 
the capacity increased for a given refrigerant, the split location moved upstream to limit the refrigerant pressure 
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drop by reducing the local refrigerant flow rate. In addition, the latent heat of vaporization affects the flow rate 
required to achieve the target cooling capacity.

 

Fig. 5: Evolutionary entropy generation minimization and the corresponding COP, P, and LMTD 
progression

Owing to its large latent heat among the three refrigerants, R32 required the lowest refrigerant flow rate to 
achieve its target capacity, whereas R454C required the highest flow rate. Accordingly, for a system employing 
R32, which also has the lowest viscosity among the refrigerants investigated in this study, the pressure drop 
can be controlled more easily with a lower number of parallel branches.

            (a)                                   (b)                                          (c)                                             (d)

Fig. 6: Optimized refrigerant circuitries for R32 under different cooling capacity conditions: (a) 4, (b) 6, (c) 
8, and (d) 10 kW

Both the circuitry arrangement and splitting locations are consistent with the results discussed in [22], which 
adopted the corresponding simulation conditions while using the COP instead of total entropy generation as 
the objective function. This suggests that, under these optimization settings, the COP maximization in [22] 
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was achieved by minimizing the total entropy generation at the evaporator. Additionally, the refrigerant 
circuitry determines the local temperature difference distribution between the air and refrigerant, which can be 
optimized to reduce the irreversible heat transfer losses according to the local refrigerant saturation temperature 
variations caused by the pressure drop or temperature glide or both of the zeotropic mixture. In this case, 
parallel flow characteristics are observed whenever the pressure drop reduces the local saturation temperature, 
while counterflow circuitry arrangements are associated with the superheated refrigerant flow parts of the 
optimized circuitries. 

Figure 7 illustrates the local refrigerant pressure drop as well as the refrigerant and air temperatures along the 
refrigerant flow for R32 under a 10-kW cooling capacity simulation condition. The horizontal axis represents 
the refrigerant flow depth (number of tubes) between the evaporator inlet and outlet for each circuit branch. In 
addition, the air temperature distribution is arranged according to the refrigerant path to highlight the local 
temperature difference between the air and refrigerant; hence, it did not exhibit air flow continuity. In Fig. 7, 
the results for the representative one-split baseline serpentine presented in Section 2 (dashed lines) are 
compared with the optimized circuitries results (continuous lines). A notable feature of the optimized 
circuitries compared with the baseline is the presence of fewer tubes in the superheated refrigerant state. This 
improves the transfer surface utilization by minimizing the part of the transfer area that interfaces with the 
refrigerant flow with a low heat-transfer coefficient at the expense of a moderately high pressure drop and 
friction irreversibility. Consequently, the optimized circuit can achieve the same capacity while maintaining a 
smaller temperature difference between the refrigerant and air throughout the heat exchanger, which results in 
proportionally lower heat-transfer irreversibility and a more homogeneous heat-transfer rate distribution than 
the baseline circuitry, as shown in Fig. 8. 

    

Fig. 7: Local refrigerant pressure drop and refrigerant/air temperatures for R32 for a 10-kW cooling capacity

The results obtained for the near-azeotropic mixture R410A for both optimized circuits were also analyzed (as 
shown in Fig. 9),  as well as the effect on the local temperature and pressure drop distributions [22]. The 
optimized circuitries operate at a higher inlet evaporator pressure because the split location moves closer to 
the outlet, which results in a locally higher pressure drop and friction irreversibility, but also in a larger heat-
transfer coefficient and smaller mean temperature difference between the refrigerant and air. Additionally, the 
rearrangement of the tube ordering improves the local temperature difference distribution between the air and 
refrigerant, which yields a lower finite-temperature-difference heat-transfer irreversibility. Because of the 
characteristic temperature glide and the different thermophysical and transport properties of zeotropic mixtures 
such as R454C, a different trend can be observed in the results obtained for such working fluids. 
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Fig. 8: Contours of the local heat transfer rate Q [kW] for the R32-refrigerant (a) baseline and (b) optimized 
circuitries for a 10-kW cooling capacity

   

(a)                                        (b)                                (c)                                             (d)

Fig. 9: Optimized refrigerant circuitries for R410A under different cooling capacity conditions: (a) 4, (b) 6, 
(c) 8, and (d) 10 kW

Figure 10 shows the resulting optimized circuits for R454C, while Fig. 11 shows the local refrigerant 
temperature distribution and pressure drop of the baseline and optimized circuitries for simulations converging 
to 10-kW cooling capacity. Under these conditions, the optimized R454C circuitry features two parallel circuits 
and a lower pressure drop. Correspondingly, it operates at a marginally lower evaporator inlet pressure and a 
higher outlet pressure than the baseline circuitry. As shown in Fig. 11, the temperature glide could not be 
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effectively utilized in the baseline circuitry because a large pressure drop reduces the characteristic temperature 
glide on the refrigerant side. In fact, the temperature of R454C in the baseline circuitry decreased before the 
split because of the pressure drop. Therefore, the optimized circuitry can take advantage of R454C’s 
temperature glide by maintaining low pressure drop values and maximizing the effects of a counter-flow 
arrangement between the air and refrigerant flows. This configuration resulted in a more homogeneous local 
heat transfer rate Q[i] distribution, as shown in Fig. 12.

(a)                                        (b)                                (c)                                             (d)

Fig. 10: Optimized refrigerant circuitries for R454C under different cooling capacity conditions: (a) 4, (b) 6, 
(c) 8, (d) 10 kW

  

Fig. 11: Local refrigerant pressure drop and refrigerant/air temperatures for R454C for a 10-kW cooling 
capacity
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Fig. 12. Contours of the local heat transfer rate Q [kW] for the R454C-refrigerant (a) baseline and (b) 
optimized circuitries for a 10-kW cooling capacity

The fundamental difference between a pure refrigerant and a zeotropic mixture such as R454 is notably 
revealed by the results shown in Fig. 13. The circuitry optimization for R32 reduced the thermal entropy 
generation over the entire investigated cooling capacity range, and the entire entropy generation benefits 
compensated for the increase in friction entropy generation. It is worth noting that, given the conflicting trend 
between heat transfer and friction irreversibilities, a different refrigerant tube inner diameter can affect the 
balance between these effects and yield different optimal circuitry configurations [37]. Conversely, the 
optimized circuitry for the zeotropic refrigerant (R454C) shows a reduction in both entropy generation 
mechanisms because the lower friction irreversibility yields the possibility of a smaller mean temperature 
difference between the air and refrigerant by rearranging the tubes in a counterflow configuration that takes 
advantage of the characteristic temperature glide. 

(a) (b)

Fig. 13. Comparison between the (a) friction and (b) thermal entropy generation rates for the baseline and 
optimized circuitries for R32 (red bars) and R454C (blue bars)

Nevertheless, as shown in Fig. 14, the results obtained by minimizing the entropy generation are mirrored by 
the results obtained by maximizing the COP [22], and a larger entropy generation reduction translates to greater 
improvements in the COP, especially at a low cooling capacity. The COP improvement and, correspondingly, 
the entropy generation reduction were larger for R454C. These results demonstrate that the proposed 
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optimization approach can automatize the optimization of the refrigerant path, taking full advantage of the 
temperature glide characteristic of zeotropic mixtures.

A comparison between the system COP and the optimized evaporator circuitry for two objective functions, 
namely, maximal COP and minimal entropy generation, is presented in Fig. 15. The close equivalence between 
the two optimization procedures can be summarized as follows: a 3.86%–8.44%, 3.48%–7.36%, and 4.94%– 
9.99% COP increase for the R32, R410A, and R454C systems with optimized circuitries, respectively. Among 
the three refrigerants and evaporator capacities observed, the optimized 4-kW R454C exhibited the largest 
COP improvement. Additionally, it was found that under these conditions, low-GWP zeotropic mixtures with 
temperature glide, such as R454C, can achieve a performance comparable to that of R32 and higher than that 
of R410A following an appropriate refrigerant circuitry optimization.

(a)

(b)

Fig. 14. Representation of the optimization results in terms of the (a) entropy generation rate reduction and 
(b) relative COP improvement (%) for R32, R410A, and R454C

The proposed thermodynamic refrigerant circuitry optimization for a fine-tube evaporator is an effective 
methodology for exploiting the beneficial thermodynamic characteristics of the temperature glide of zeotropic 
refrigerant mixtures. This is achieved by identifying a suitable refrigerant path and determining the appropriate 
number of circuits to minimize the pressure drop given the target cooling capacity, superheating at the 
compressor intake, external environment, and indoor space temperatures. This can be interpreted as a 
thermodynamic cycle optimization under a given heat-source temperature and output capacity, performed by 
searching for the optimal refrigerant-side topologies of the evaporator to minimize the pressure drop and 
irreversible losses due to the finite-temperature difference between the air and refrigerant. This procedure 
automatizes the optimization procedure needed to develop air-conditioning and heat-pump systems that can 
realize Lorenz-cycle operation in practice. 
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(a)

(b)

Fig. 15. Optimization results (continuous lines) for (a) maximal COP and (b) minimal entropy generation as 
objective functions in comparison with the performance of a system adopting the baseline circuitry (dashed 

lines) for R32, R410A, and R454C. 

4. Conclusions

In this study, a new evolutionary method for heat exchanger circuitry optimization that can handle the 
implementation of genetic operators with unrestrained number and location of splitting and merging nodes was 
proposed and tested for the thermodynamic optimization of a 36-tube evaporator under representative air-
conditioning application conditions. Additionally, an evolutionary search was conducted while adopting 
algorithms that could exclude unfeasible circuitries and introduce manufacturing constraints. 

The performance of different refrigerants, namely, R32, R410A, and R454C, was assessed after minimizing 
the entropy generation under given heat source and sink boundary conditions, where the calculations converged 
to a defined superheating degree and output capacity. The optimization results were analyzed, revealing a  
consistency between the minimum entropy generation and maximum COP. The implementation of the new 
circuitry optimization algorithm determines efficient heat exchanger topologies by minimizing the friction and 
finite-temperature-difference heat-transfer irreversibilities. Correspondingly, the pressure drop and mean 
average temperature difference between the refrigerant and air sides were minimized, thereby reducing the 
number of ineffective tubes in a superheated state. Consequently, the refrigerant pressure at the evaporator 
outlet was maximized, the compression ratio was minimized, and the COP was maximized under the given 
optimization constraints. 

The design features for distributing thermodynamic inefficiencies along the refrigerant path were defined for 
each refrigerant and design condition. For instance, the circuitry optimization for R32 reduces thermal entropy 
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generation over the entire investigated cooling capacity range, and the entire entropy generation benefits 
compensate for the increase in friction entropy generation. Conversely, the optimized circuitry for the zeotropic 
refrigerant (R454C) shows a reduction in both entropy generation mechanisms because the lower friction 
irreversibility yields the possibility of a smaller mean temperature difference between the air and refrigerant 
by rearranging the tubes in a counterflow configuration, taking advantage of the characteristic temperature 
glide. 

Therefore, this optimization technique is proposed for assessing the performance of next-generation zeotropic 
refrigerant mixtures. The combination of these methods enables the search for optimal heat exchanger 
topologies in a way that makes it possible to take advantage of the thermodynamic benefits of non-azeotropic 
refrigerants by approaching Lorentz-cycle operation. The results demonstrate that non-azeotropic refrigerant 
mixtures with low GWP may exhibit a higher performance than R410A and a comparable performance to that 
of R32.

In conclusion, integrating genetic programming and traversing algorithms from graph theory with a numerical 
simulator yielded an automatized refrigerant-circuitry optimization technique that could benefit the 
development of high-efficiency products adopting next-generation refrigerants by introducing custom-built 
features to minimize thermodynamic inefficiencies. 
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NOMENCLATURE

Symbols n specific volume (m3×kg–1)

COP Coefficient of performance (-) Subscripts

  h specific enthalpy (J×kg–1) a air

𝑚 mass flow rate (kg×s–1) comp compressor

  N number of tubes cond condenser

  P pressure (Pa) e evaporator

𝑄 heat transfer rate (W) gen generation

  S entropy rate (W×K–1) in inlet

  T temperature (K) out outlet

𝑊 power (W) r refrigerant

Greek symbols sat saturation

  h efficiency (-) w tube wall
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