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Abstract

While traditional equations of state can determine thermophysical properties, they are com-
putationally demanding, as most formulations are implicit and require iterative solutions.
Dynamic simulation of complex energy systems involves various components defined by
mathematical equations. Incorporating equations of state for refrigerant properties adds
complexity, slowing down the computation. Moreover, studies have demonstrated that
calculations of refrigerant thermophysical properties have the most significant impact on
computational speed. Therefore, this work develops fast, accurate, and explicit thermo-
dynamic formulations for thermophysical properties of propane, a widely used natural
refrigerant for the new generation of heat pumps. The developed set of formulations
yielded a mean absolute relative deviation of less than 1% for most of the formulations
across the saturated lines and the different phase regions. The results show that using the
explicit formulations for dynamic simulation of an air-source heat pump cycle achieves up
to a 117 x speedup compared to CoolProp, with a maximum relative error around 1% for
the COP. This level of accuracy is suitable for applications such as vapor-compression cycle
simulations, where accuracy is sacrificed in favor of computational speed. In addition, they
offer greater flexibility for modelling and optimizing complex energy systems.

Keywords: propane; thermophysical property; CoolProp; EOS; explicit; CPU performance

1. Introduction

Heat pumps are recognized as a key technology for the decarbonization of heat-
ing and cooling, offering a highly efficient alternative to conventional fossil-fuel-based
equipment. Their importance is particularly evident in residential applications, where
a substantial share of energy consumption is associated with the heating demand. This
technological shift is underscored by the fact that both heating and cooling account for
50% of the European Union’s final energy consumption [1] and contribute 17.5% of global
greenhouse gas emissions [2]. Consequently, accelerating the deployment of heat pumps is
essential for reducing energy consumption and achieving emissions reductions across the
residential sector.

The efficiency of a heat pump is affected by the thermophysical properties of the
refrigerant used. An ideal refrigerant for heat pump applications should possess a high
critical temperature, a low freezing point, and a high specific enthalpy of vaporization
to ensure efficient system operation [3]. Traditional halogenated hydrocarbons, such as
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R32 and R404A, have been widely used as refrigerants in heat pumps; however, due to
their environmental impacts, natural hydrocarbons are being investigated as sustainable
alternatives [4]. These natural hydrocarbons offer favourable thermophysical properties,
a low global warming potential, and zero ozone-depleting potential. Among the natural
refrigerants, propane has been identified as an alternative for residential applications
because it is highly energy-efficient and entirely F-gas-free [5]. Additionally, some studies
showed that propane outperforms with an efficiency exceeding 10% compared to both
R134a and the hydrofluoroolefin R1234yf when tested in a 5.6 kW brine-to-water heat pump
for the residential sector [6].

Accurate knowledge of refrigerant thermophysical properties is essential for simulat-
ing vapor-compression cycles. These cycles can take hours/days for simulation, especially if
they include strong dynamic behaviour or discretized heat exchanger models [7]. For exam-
ple, Zhao et al. [8] reported that more than 10 h are needed to simulate a three-dimensional
fin-and-tube heat exchanger using REFPROP [9]. Consequently, any optimization per-
formed on such simulation software could take months or even years, as reported by
Zhao [8].

Refrigerant thermophysical properties can be determined using an appropriate equa-
tion of state (EOS) [10]. Various EOS formulations have been developed for different
refrigerants. The NIST REFPROP [11] and CoolProp [12] libraries are both widely ac-
cepted sources for such EOS and for the calculation of thermophysical properties. In both
packages, propane thermodynamic properties are primarily derived from the Helmholtz-
energy-based EOS [13]. These external libraries demonstrate relatively slow computational
performance in thermophysical property calculations. This is primarily due to the com-
plexity of the implicit multi-variable differential formulations, which use temperature and
density as input variables. In contrast, most numerical models of energy systems employ
pressure and enthalpy. Consequently, internal iterations are necessary when using the
Helmholtz EOS.

One of the earliest studies addressing improvements in thermophysical property
calculations was conducted by Cleland in 1986 [14] and later extended in 1994 [15]. Cleland
proposed explicit-based formulations for calculating saturated liquid and vapor properties,
such as enthalpy and density. The proposed equations with polynomial terms are 20 times
faster than those with exponential terms. Ding et al. [16] proposed an implicit formulation
for refrigerant property calculations and demonstrated its application to R22 and R407C.
They reported speed-up factors up to 1000 compared with REFPROP [16]. Afterwards,
Ding highlighted key requirements for reliable vapor compression system simulations,
including speed, stability, reversibility, and continuity [17]. Here, “reversibility” refers
strictly to its mathematical definition and is unrelated to thermodynamic reversibility or
entropy generation. Additionally, they also showed that the calculation speed of R410A
formulae is 100 times faster than that of REFPROP [8]. On the other hand, Kunick et al.
developed a spline-based table look-up (SBTL) method that maintains high accuracy
and consistency while being significantly faster than REFPROP, achieving a speed-up
factor of 225 [18]. The SBTL is then implemented by Li et al. in Dymola, demonstrating
significant computational speedups of 2—4 X across a range of complex air conditioning
system models [19]. As an example of a hybrid approach, Sieres et al. presented a method
combining the implicit formulations of Ding et al. [16,17] with their proposed explicit
formulations, which are derived for specific properties only [20]. Moreover, they reported
detailed accuracy metrics, such as a mean percentage deviation of 7 x 1073 for R407C
temperature predictions in the two-phase region, but no computational speed was provided.
Afterwards, Aute and Radermacher proposed a rational polynomial functional form to
represent all thermophysical properties as functions of saturation pressure, resulting in
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linear regression forms that are easy to implement [21]. They also reported speed-up factors
of 119 and 646 in the heat exchanger simulations for R407F and R404A, respectively. Finally,
Khoury et al. compared their work using the implicit fitting method with CoolProp for a
complex cascade refrigeration cycle in Dymola [7]. In addition to the high accuracy, they
reported a 30 x speedup in the simulation over CoolProp.

Although some studies have suggested that their approaches can be extended to other
refrigerants (for instance, Sieres investigated two refrigerants, with seven additional ones
included in the supplementary data [20], and Khoury demonstrated a cascade refrigeration
cycle using three different refrigerants [7]), propane has not yet been examined. Addition-
ally, the implicit methods proposed by both Sieres and Khoury face two main challenges:
identification of the correct physical solution and irreversibility. The former requires addi-
tional calibrations and equation constraints to select the correct physical solution among
the three possible roots of the equation. Irreversibility can be explained as follows: for a
formulation to be reversible, if an initial input parameter is used to compute an output
parameter through an explicit expression, then using this output as the input to another
explicit expression should reproduce the original input value. This concept is illustrated
in Figure 1, where two pressure values (p4 and pp) yield a single value of the saturated
vapor enthalpy h,s. This issue was addressed by developing two series of equations, each
corresponding to a specific area of operation or a predefined pressure range. In dynamic
optimization, for example, pressure is an output state variable rather than a fixed value.
Therefore, it is challenging to examine the pressure output and determine which series of
equations to be used for calculating the enthalpy. Moreover, the saturated vapor enthalpy
is a crucial input variable in dynamic modelling and should be calculated simultaneously
to determine the phase regions that exist in the heat exchangers.
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Figure 1. Log p-h diagram for propane illustrating the case of irreversibility between pressure and
enthalpy predictions along the saturated vapor line.

Table 1 summarizes most of the studies that have addressed alternative approaches
for determining thermophysical properties other than EOS, i.e., CoolProp or REFPROP.
As shown in Table 1, the majority of these studies are validated either through a single
property calculation [16-18,20], or component-level simulations [21], except for the SBTL
method [19] and the implicit fitting method of Khoury [7], which are validated at the system
level. Additionally, although the implicit fitting method is widely used, it presents notable
challenges due to its complexity in identifying the correct physical solution. In contrast, the
explicit method offers a straightforward and easily implemented approach.
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Table 1. Overview of the methods used for thermophysical properties calculations as alternatives
to EOS (i.e., CoolProp or REFPROP), including the refrigerants tested for each method and the
computational speed.

Method Tested Refrigerants Validation Through Computational Speed
System level
Cleland et al. [14,15] Explicit R12,R22, I;11134 45502’ R717, (simple vapor compression -
cycle)
Ding et al. [16,17] Implicit R22, R407C Single property calculations 140-1000 x
Kunick et al. [18,22] SBTL CO,, water Single property calculations 225 %
R407C, R1234yf
. . + supplementary data for . . .
Sieres et al. [20] Hybrid (R113, R125, R134a, RA04A, Single property calculations
R409A, R717, RC318)
.. R32, R407C, R407F, R410A, Component level
Aute & Radermacher [21] Explicit R1234yf (heat exchangers) 10-646 x
Lietal. [19,23] SBTL R1234f _ System level 24x
(air conditioning system)
.. Propylene, ethylene, System level
Khoury etal. [7] Implicit methane (cascade refrigeration cycle) 30
This study Explicit Propane (R290) System level 117

(dynamic heat pump cycle)

Accordingly, the objective of the present work is to first develop explicit thermody-
namic formulations for calculating the thermophysical properties of propane, which have
not been addressed in any of the previous studies shown in Table 1. Secondly, this work
aims to validate these formulations through a system-level air-source dynamic heat pump
under various operating conditions, thereby providing a level of analysis that most existing
explicit studies, which focus on single components, do not offer. The proposed formulations
are designed to be:

Computationally efficient, requiring minimal computational time;

Accurate, to minimize errors in system simulations and /or optimization;
Explicit, to eliminate the need for any iterative procedures;

Uniform structure, can be easily implemented or extended to other refrigerants;

Reversible, ensuring consistent property evaluation from different explicit formulae
wherever applicable.

2. Methodology

The formulations of the thermophysical properties are developed using an explicit
method to enable accurate and computationally efficient calculations. Polynomial and
power-law forms are implemented, with the objective of maintaining a consistent structure
for all equations, so that the method can be easily programmed and adapted for multiple
refrigerants. Subsequently, a dynamic heat pump model is developed to validate the explicit
formulations at the system level, while accounting for variable operating conditions, e.g.,
heat demand and water temperature. The thermophysical properties are classified into two
main categories: thermodynamic properties (e.g., pressure and enthalpy) and transport
properties (e.g., viscosity and thermal conductivity). In addition, the properties can also be
categorized according to the thermodynamic state. Section 2.1 presents the development
of the explicit formulations with respect to the thermodynamic state, namely saturated,
single-phase, or two-phase. Furthermore, Section 2.2 provides a detailed description of the
dynamic heat pump model includes the main system components, i.e., the heat exchangers,
compressor, and throttle valve. Finally, the characteristics of the computer/hardware and
the solver used for the simulations of the dynamic model are presented in Section 2.3.
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2.1. Explicit Formulations

Empirical correlations can be employed to determine the thermophysical properties
using an explicit approach [20,21]. Equations (1) and (2) are used to describe the thermo-
physical output property (TOP) as a function of the input variables (IVs) in polynomial and
power-law forms, respectively. TOP can refer to any thermodynamic or transport property,
while the IVs always represent one or two thermodynamic properties, with pressure being
an IV for all developed explicit formulations.

n i n i n i n .
TOPpory = Y a; IVi+ Y b IV] Y ¢ IVy +) d; IV, (1)
i=0 i=0 i=0 i=0
k .
TOPpow = eo] [ IV (2)

i=1

Equation (1) represents the polynomial form of two input variables, where 4, b, ¢, and
d are the coefficients that result from the regression model (Section 3.1) and the summation
upper bound # is the order of the polynomial function (e.g., second or third). On the
other hand, Equation (2) is a power-law form, in which e is the set of coefficients and
power values and the multiplication upper bound k is the number of independent IVs.
While the polynomial model approximates the thermophysical output property as a higher-
order function of the selected input variables, the power-law model captures nonlinear
dependencies through exponent-based relationships. To accurately evaluate the developed
thermodynamic formulations, the mean absolute relative deviation (MARD) of each TOP is
calculated using Equation (3) and assessed in the following subsections, where m represents
the number of data points employed in the regression model, which will be generated
using CoolProp [12].

MARD = 1 i TOP(i)Coolep - TOP(i)Explicit
om = TOP(i)

)

CoolProp

2.1.1. Saturated Properties

The saturated thermophysical properties have been evaluated for both the liquid and
vapor states. The saturated data can fit a simple form of Equation (1), which depends
on one IV, as shown in Equation (4), except for the pressure-temperature (p-T) relation
that follows Antoine’s equation. All saturated properties are functions of a single input:
pressure [Pa]. The polynomial order can range up to 8, chosen to balance the least-squares
error and the irreversibility issue.

n .
TOPyopy = Y a; IV! (4)
i=0

According to Cleland [14], in explicit formulations, one relation has to be reversible:
the pressure-temperature calculations along the vapor-saturated line. Equation (5) repre-
sents the form of the Antoine equation [24] to calculate the saturated pressure (ps) in Pa.
Additionally, the same set of coefficients/parameters can be usually used to calculate the
saturated temperature (Ts) in K using Equation (6).

e
p=esp(e0- 0 ®)
€1
Tg=——"F"7"°',67--——¢ 6
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The saturated properties (TOP) of Equation (4) are a function of a single IV (pressure),
but this IV has to be normalized to its critical value before it is used in Equation (4), so
the pressure has to be divided by the critical pressure of the refrigerant implemented (p.).
In contrast, both the IV and the TOP are normalized in Equations (5) and (6) to allow for
a reversible p-T relation. For instance, ps from Equation (5) must be multiplied by p, to
obtain its absolute value in pascals (Pa).

2.1.2. Single-Phase Properties

This section presents both the superheated and subcooled thermophysical properties.
Generally, all single-phase properties are functions of two IVs: p and i, T, or s, based on
the definition of the TOP. Equation (1) can be used to represent the polynomial form of
the properties in the single-phase zones. The polynomial order for each property should
be selected in order to minimize the least-squares error of the regression model, i.e., to
maximize the accuracy of the predicted single-phase property. Additionally, one reversible
relation has been introduced: the enthalpy-entropy (h-s) relation in the superheated zone.
Equation (2) could predict the vapor enthalpy (/) in J/kg as a function of pressure [Pa] and
entropy [J/kgK] in the power-law form as stated in Equation (7). In contrast, Equation (8)
reverses the value of the entropy (sy) as a function of pressure and enthalpy. As stated
previously, to allow for a reversible /i-s relation, all the IVs and TOP in Equations (7) and (8)
are normalized separately by their respective critical values.

hy = eg p s (7)
h (2;)
Sy = <€0 pel ) (8)

Most of the thermophysical two-phase properties can be calculated using Equation

2.1.3. Two-Phase Properties

(10) based on the saturated properties and the vapor quality [25].

h — Ry
X = — 9
T ©)
TOPrp = (1 — x) TOP;s + x TOPys (10)

The vapor quality, x, is calculated using Equation (9) as a function of the enthalpy in
the two-phase zone (1) and the saturated liquid and vapor enthalpies, /5 and hys, respec-
tively. Accordingly, by referencing the saturated liquid and vapor states from Section 2.1.1,
Equation (10) can be applied to calculate the enthalpy [J/kg], entropy [J/kgK], and spe-
cific volume [m3/kg] in the two-phase zone as functions of p and x. The density can be
determined then as the reciprocal of the specific volume. In contrast, the two-phase partial
derivatives are described by the general polynomial form given in Equation (1). Therefore,
a general regression model is applied to these properties, in the same manner as for the
other single-phase properties. The only difference is that the IVs in this case are p and x.

2.2. Dynamic Heat Pump Model

A dynamic heat pump model is employed to examine the developed thermodynamic
formulations for the various thermophysical properties. A basic heat pump system consists
of two heat exchangers functioning as a condenser and an evaporator, a compressor, and a
throttle valve.
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2.2.1. Heat Exchangers

Modelling low-charge heat pumps makes the governing dynamics concentrate in the
heat exchangers [26]. Therefore, the developed dynamic model is characterized by time-
varying phase boundaries within the heat exchangers. Model assumptions are summarized
in [26,27].

% + a(gz)f =0 (11)

a(gr)r n 3(pu?;zr o), a(waALT), —0 12)
(c,,pA)maa% - a(“aALT)V + a@(.f)sf =0 (13)
(CPPA)sfa;%f - (CPpAv)sfaaTif - a<(xaALT)Sf =0 (14)

The refrigerant mass balance, refrigerant energy balance, metal wall energy balance,
and secondary fluid energy balance are represented in Equations (11)—(14), respectively,
where the subscript r refers to the refrigerant, m to the metal wall, and sf denotes the
secondary fluid, either water or air. p is density, ¢ is time, v is velocity, L is the length in
the flow direction, u is internal energy, p is pressure, « is heat transfer coefficient, ¢, is the
specific heat, A is the cross-sectional area, and AT is the temperature difference between
the refrigerant or the secondary fluid and the metal wall. The heat transfer coefficient, «, is
determined using the references in Table 2, with experimental correlations that depend on
the refrigerant phase/secondary fluid type, as well as the heat exchanger type.

Table 2. Correlations used for heat transfer coefficient calculations in the heat exchangers.

Phase Condenser Evaporator
SH [28] [29]

TP [30] [31]

SC [32,33] -
Water/air [32,33] [34]

To derive the governing equations, the mass and energy balances are integrated
according to Leibniz’s rule. The condenser has been divided into three regions based on
phase: superheating (SH), two-phase (TP), and subcooling (SC). In contrast, the evaporator
has been divided into two regions: TP and SH. For instance, applying Leibniz’s rule to
integrate Equation (12) with time-varying limits (L; and L) for a system with all three
heat exchanger regions, as shown in Figure 2, yields the refrigerant energy balance for the
two-phase region (Equation (15)). The governing equations for the other regions can be
derived in the same manner as in [27]. As a result, the number of equations to be solved
depends on the number of phase regions that exist in each heat exchanger at each time step.

(L2 = L) (th 9 p %(hTPahTP + pTP) (%vs + %ls) - 1) dp
+(L— Lz)th( + i apz) 1hys(%p T2 20r gh ) dt

1 dp, dh dL
+ Arhys (L — Lz)z ahpr diut Ay (prphrp — pSHhvs)ditl (15)

dL,
+ Ar(prphrp — pSChls)W

Ay

BP He

dp, dhjy
ohsy dt

= mrinhvs - m”authls Qr ArLlhvs
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_Superheating Two-phase Subcooling

Figure 2. Schematic of the moving boundary model in the heat exchangers, solid arrows indicate the
flow of refrigerant (bold) and secondary fluid (normal), while dashed lines represent the time-varying
phase boundaries between the superheating, two-phase, and subcooling zones.

All thermophysical properties, including partial derivatives, in Equation (15) are cal-
culated according to the explicit formulations developed in Section 2.1 using the saturated
pressure and the associated mean enthalpy (k) of the respective refrigerant, assuming a
linear enthalpy profile for each region (SH, TP, and SC).

2.2.2. Compressor

A variable-speed scroll compressor is used, featuring a swept volume of 46 cm?, and
propane as the working fluid. The compressor is selected based on the technical data
provided by Copeland for propane YHV models [35]. Furthermore, it was experimentally
investigated by Ossorio et al. in their study [36]. Equation (16) calculates the compressor
mass flow rate 11cp, where Vj, is the stroke volume, Zc ) is the compressor frequency, p,,,.
is the refrigerant density at the suction point and 7, is the volumetric efficiency.

2.2.3. Throttle Valve

A throttle valve with an orifice size of 2 mm is selected for a rated heating capacity of
10 kW using Danfoss Coolselector®2 online software (version 5.4.9) for electronic expansion
valves [37]. The mass flow rate of the throttle valve mry is calculated using Equation (17)
as proposed by both Liu and Ma [38,39].

mTV = Cdis Aopen 2 0; | Pi — Po | (17)

where Cyj is the discharge coefficient calculated according to Li [40], Agpen is the valve
opening area, and i & o are subscripts for the inlet & the outlet of the valve, respectively.

2.3. Solver Setup

All regression and simulation models were performed on an HP EliteBook 845 G8
Notebook PC equipped with an AMD Ryzen 7 PRO 5850U processor (manufactured by
TSMC, Hsinchu, Taiwan) running at 1.90 GHz and 16 GB installed RAM. The system oper-
ates on a 64-bit Windows 11 Enterprise environment (Version 22H2). The implementation
was carried out in Python 3.11.5, using a numerical tolerance of 1 x 10~° for regression
and 1 x 107> for simulation

3. Results and Discussion

The explicit method proposed has been used to derive propane properties. The coef-
ficients of the thermophysical properties of propane needed in the explicit formulations
are determined by means of a regression model. Section 3.1 presents the coefficients of the
explicit formulations according to the thermodynamic state, i.e., saturated, single-phase,
or two-phase, along with a brief discussion of their accuracy in single-step calculations.
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Section 3.2 provides a general overview of single-property calculations using the explicit for-
mulations within the different phase regions. Finally, Section 3.3 implements a system-level
simulation of the dynamic heat pump model, where propane thermophysical properties
are determined either by CoolProp (i.e., EOS) or by the explicit method developed in this
work (Section 3.1). Detailed comparisons and simulation results, in terms of both accuracy
and computational speed, are presented in the subsequent sections.

3.1. Propane Thermophysical Properties Formulation

A comprehensive set of empirical coefficients for propane has been developed to cal-
culate its thermophysical properties using the explicit approach. The different data sets are
generated from the open-source thermophysical property library CoolProp 6.4.1 [12]. Cool-
Prop employs different methods for thermodynamic properties and transport properties,
with the most accurate results obtained from the Helmholtz-energy-based formulations [13].
In addition, CoolProp is an open-source package compatible with most programming lan-
guages. Therefore, it is selected as the reference package for fitting and evaluating the
explicit formulations.

The coefficients for both the polynomial and power-law models were obtained by
fitting a regression to the CoolProp reference data using least-squares optimization. A
convergence tolerance of 1 x 10~% was employed to ensure high numerical accuracy. All
regression models were executed in the Gekko optimization suite [41], utilizing steady-state
estimation and the IPOPT solver. To normalize the input variables of the regression models,
the critical properties of propane were calculated using CoolProp, resulting in a critical
pressure of 4,251,200 Pa and a critical temperature of 369.89 K. Using the same approach,
the corresponding enthalpy and entropy at the critical point were also evaluated based on
these critical values.

3.1.1. Saturated Properties

The saturated properties of propane have been evaluated for both the liquid and vapor
states. As the vapor compression cycles are neither operated under vacuum to eliminate air
leakage into the system nor in the supercritical region, the data sets have been generated
over an operating range from 1 to 42 bar. The saturated data of propane fit the simplified
form of the polynomial function represented in Equation (4), with all properties functions
of one 1V, pressure.

The polynomial order (1) ranges from 6 to 8, which is selected to minimizes the least-
squares error. Table 3 summarizes all the coefficients for the thermodynamic properties of
propane. Along the saturated lines, all thermodynamic properties can be predicted with
a deviation of less than 1%. While the MARD ranges from 0.04% to 0.99%, deviations
exceeding 0.5% are commonly observed only along the saturated vapor line in calculations
of density and its partial derivatives. It is worth noting that due to the flexibility provided by
choosing the polynomial order, the saturated enthalpy (TOP) can be accurately computed
from pressure (IV) using a 6th-order polynomial. This choice eliminated the need for
two separate sets of equations, each covering a different pressure range as illustrated in
Figure 1, resulting in predicted enthalpy values with a MARD of only 0.06%. All saturated
thermodynamic functions in Table 3 are valid in a pressure range of 1-42 bar, except for the
%, which is valid up to 35 bar. The explicit correlations were limited to a pressure of 35 bar
to maintain low approximation error and an acceptable polynomial order, which represents
a suitable operational range for the considered application. Extending the range to 42 bar
is possible for most properties; however, this involves a trade-off between accuracy and
computational efficiency.
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Table 3. Summary of the coefficients of the thermophysical properties, including transport properties, along the saturated lines.

Coefficients MARD
*

Tor v ag m az as ay as ag az ag ay [%]
hys 4 6.277179 x 10* 1.964730 x 10° —9.491604 x 10° 3.305607 x 107 —6.907272 x 107 8.358675 x 107 —5.390112 x 107 1.433063 x 107 0.14
Nys 14 5.085190 x 10° 9.589499 x 10° —4.480009 x 100 1.326276 x 107 —2.291492 x 107 2.175289 x 107 —1.013718 x 107 1.630479 x 106 0.06
O1s p 5.951765 x 10% —8.114157 x 102 2.463448 x 10° —5.084823 x 10° 5.147672 x 10° —2.046156 x 10° 0.16
Ouvs p —1.817414 x 10° 1.780082 x 10? —1.132079 x 10° 6.446548 x 10° —1.864401 x 10* 2.897553 x 10* —2.284616 x 10* 7.205610 x 10° 0.86
% p 6.668035 x 107 5161540 x 1075 —8.111962 x 107 7147357 x 1073 —3.493642 x 10 1014348 x 10-1  —1.785439 x 1071 1869111 x 10~!  —1.070042 x 10~} 2.581443 x 102 0.73
% ) 2552580 x 1075 —6716333 x 1075 7.561922 x 10 —4.054468 x 103 1308976 x 1072 —2527774 x 102 2.865627 x 102 —1754043 x 102 4.472249 x 103 0.08

s
g%lq p —5.133640 x 10~* —1.638392 x 104 —3.123506 x 1073 1.711386 x 1072 —4.970691 x 102 7.296924 x 1072 —5.287060 x 102 1.424223 x 1072 0.12

@ ) 1291239 x 105 —1.091447 x 1073 1546427 x 102 —1.369754 x 101 6.642339 x 10°1  —1910921 x 10°  3.327506 x 10°  —3.442333 x 100 1945155 x 10°  —4.624211 x 10! 0.99
%1‘ P 1.096693 x 1073 —8.514269 x 1073 8.265211 x 1072 —7.941606 x 1071 4353240 x 10° —1.474305 x 10! 3.081097 x 10 —3.882611 x 10! 2.703321 x 10 —8.029693 x 10° 0.49
% ) p** —6.164527 x 1072 4254888 x 107! —4.181539 x 10° 2.314938 x 10! —7.845433 x 10! 1.626492 x 10% —2.016336 x 102 1.370797 x 10% —3.945517 x 10! 0.09

vs
Sie P 4565605 x 102 8.138812 x 10° 4223811 x 10*  1.470626 x 10° ~3.045237 x 10°  3.638301 x 10° 2312065 x 105 6.048254 x 10* 0.14
Sos P 2482619 x 10°  —2.068351 x 10° 1466155 x 10°  —5791115 x 10* 1301558 x 10°  —1.665122 x 10°  1.125213 x 10°  —3.121346 x 10* 0.03

Cpys P 2.153762 x 10° 4.438266 x 10° —1.838211 x 10* 6.321710 x 10* —8.429590 x 10* —8.410648 x 10* 4.384123 x 10° —5.361151 x 10° 2.299859 x 10° 0.02
Cpos p* 1.333209 x 10° 5.177076 x 10° —1.859664 x 10* 4.058728 x 10* 8.404440 x 10* —6.165551 x 10° 1.319491 x 10° —1.281148 x 10° 4.887251 x 10° 0.05
Mis r 2.339169 x 10~ —2.023367 x 1073 1.504931 x 1072 —6.832342 x 1072 1.869178 x 10! —3.103157 x 10! 3.052950 x 10! —1.634295 x 10~1 3.662501 x 1072 0.49
Hos P 5989728 x 1076 1.670039 x 1075 —1700328 x 10-5  —2.901241 x 104  1.891598 x 10>  —5.108098 x 10°  7.138928 x 1073 —5.062220 x 103 1.443422 x 10~ 017
s 14 1.428795 x 107! —6.894171 x 1071 5.543556 x 10° —2.935401 x 10* 9.434132 x 10! —1.828424 x 102 2.082284 x 102 —1.280251 x 102 3.274391 x 10! 0.30
Ous 14 5.901932 x 102 3.037070 x 10! —4.525825 x 10° 3.799685 x 10! —1.805905 x 102 5.121135 x 10? —8.821651 x 102 9.038784 x 10? —5.060191 x 102 1.191047 x 10? 0.92

* Coefficients are valid for a pressure range of 1-42 bar, unless otherwise specified. A critical pressure of 4,251,200 Pa is used to normalize the IV, which is expressed in Pa. ** Valid for
1-35 bar.
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The pressure-temperature calculations along the vapor-saturated line follow the
reversible relation of Antoine (Equation (5)). Although the NIST Chemistry WebBook [24]
provides three different sets of coefficients for the Antoine equation, each set covers a
specific temperature range, which is limited based on the available data at that time [42—44].
To account for a wide temperature range (—30 to 90 °C), the CoolProp reference data are
used with Equation (5) to generate new Antoine parameters, which are listed in Table 4 for
the reversible relations. The new Antoine parameters can be used to calculate the saturated
pressure or temperature with a MARD of only 0.04%.

Table 4. Summary of the coefficients for the reversible thermophysical properties calculated using
Antoine’s equation and the power-law form.

TOP IVs * ()] e1 (] MARD [O/o]
Ts Ps 6.109454 x 10°  6.128709 x 10°  —3.125324 x 10~* 0.04
by p, s ** 1.018915 x 10°  8.202058 x 1072 1.295643 x 10° 0.22

* Coefficients are valid for a pressure range of 1-42 bar. ** Specific entropy in the range of 2236-3206 k] /kg-K.

3.1.2. Single-Phase Properties

Most of the superheated and subcooled thermodynamic properties of propane are
developed using the explicit approach, following the general form of Equation (1). The
polynomial order is selected to minimize the least-squares error of the regression model
with values of 2 or 3 based on the identified property. Table 5 summarizes the different
coefficients obtained from the regression models. The mean deviations range from 0.01% to
0.59%, with only one property exceeding this range: the partial derivative of density with
respect to enthalpy. The coefficients for the single-phase properties presented in Table 5
are applicable within a pressure range of 1-42 bar. Additionally, a second independent
IV is always required, either temperature (ranging from —20 to 90 °C for the superheated
zone and 10 to 60 °C for the subcooled zone) or an equivalent enthalpy value. The use of
two distinct temperature/enthalpy ranges is justified by the fact that, in most refrigeration
applications, refrigerant subcooling is limited, as noted by Ding [16].

On the other hand, the /-5 relation in the superheated zone follows Equation (7) and
can be reversed using Equation (8), with parameters summarized in Table 4 for reversible
relations. The developed correlations show mean deviations of 0.22% and 0.17%, respec-
tively, with a maximum absolute relative deviation of 1%. The h-s relation follows the same
validity range discussed above.

3.1.3. Two-Phase Properties

Equation (10) is used to determine most of the thermodynamic two-phase properties
of propane (e.g., enthalpy, entropy, and density) based on the saturated properties and the
vapor quality [26]. However, the partial derivatives do not follow the same formulation;
therefore, a separate set of coefficients is developed for these properties using Equation (1).
Table 5 summarizes the coefficients for the partial derivates, with minimum and maximum
mean deviation of 0.29% and 1.39%, respectively. It is worth noting that the two-phase
partial derivatives listed in Table 5 are divided into two regions by a pressure threshold of
27 bar, which corresponds to the maximum enthalpy within the two-phase zone. In both
regions, the applicable vapor quality ranges from 0.5 to 1, which is suitable for dynamic
model simulations that employ a linear enthalpy profile in the two-phase region [26,27], as
specified in Section 2.2.1.
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Table 5. Summary of the coefficients for thermodynamic properties of the single-phase (superheated or subcooled) and the two-phase zones.
Coefficients
TOP Vs * 0 m o a3 bo by bz bs MARD [%]
o a e 3 do dq d2 ds
; T 1.129392 x 10* 7.701423 x 10* 8.983638 x 10* 3.670759 x 10° —9.972746 x 10? —1.207874 x 10°
u 2 0.30
—4.254477 x 10! 2.847762 x 107 —1.703285 x 10? 1129392 x 10* —1.072606 x 10° 1.272940 x 10°
L T 1553086 x 10° —4.695794 x 10° —1.554761 x 10° —3.072311 x 10? —4.229498 x 10? —4.507886 x 10
) P, 0.09
’ 1131817 x 10? —1.199205 x 10° 3.374640 x 10! 1.553086 x 10° —8.905014 x 10* 2141645 x 10°
) N 3.784637 x 10! 6.386896 x 101 1.112858 x 10? —9.142976 x 10° 1.062723 x 10° 2.233408 x 10° 017
I P, .
—5.953315 x 10! 3.572162 x 10! —2.753395 x 10! 3.784637 x 10! 1.244215 x 10° —3.940168 x 10°
) N 1120135 x 10° 5.557948 x 10! 7.497828 x 10 —2.300015 x 10! —7.449341 x 10~ 1.845219 x 10! 2586909 x 10! 4.383896 x 10 0z
v p, .
7.338843 x 10! ~1.627056 x 10° 1.230116 x 10? —3.150931 x 10! 1120135 x 10° 4.596546 x 10° —8.240646 x 10° 2.774309 x 10°
T " 2.556397 x 10° —8.130716 x 10° —1.530595 x 10* 1.925457 x 10! 5.883220 x 10! 1.202984 x 10° 0.05
1 P .
9.202976 x 10° 1.221585 x 10! —8.339775 x 10° 2.556397 x 10° 4.452390 x 10! 7.893746 x 10
. N 4.940026 x 10! 1.674308 x 10? 1.490256 x 10 —1.649456 x 10" 3.763025 x 10 3.666424 x 10
, v 0.01
’ 2165388 x 10! —3.560540 x 10! 1.267272 x 10 4.940026 x 10! 4775351 x 10! 7.715888 x 10!
3 , —8.764218 x 10° 1.858684 x 107 —5535698 x 107°  —1.120303 x 1077 4617422 x 1077 4.138042 x 107° —1232813 x 1075 —1.400531 x 1077
£ ph 0.16
i —1.477821 x 1072 —2.908063 x 10° 6.501049 x 10° —5.009068 x 10° —8.764218 x 10°° 1.266335 x 10~* —2.759654 x 10~* 2.155234 x 10~
a N —8.976424 x 1072 2.954839 x 10~° 6.374048 x 10~° —4.399995 x 107! —2.316223 x 107> —8.452358 x 107 059
o P, .
re —4.082777 x 107! 3.775858 x 10! 4.204950 x 10! -8.976424 x 102 1.659949 x 10! 1.850692 x 10!
a0 N ~7.613286 x 102 7.717079 x 10~ 7.631873 x 1076 —3.932192 x 10~ 2.180793 x 1072 8.638971 x 1075 025
= 2 }
o —3.853270 x 107! 8.999532 x 1072 1.284674 x 107! —7.613286 x 1072 3.669142 x 1072 4.834510 x 1072
3 W —1.573481 x 107! 2.063333 x 1072 7.214778 x 1072 1.934503 x 10! —6.239372 x 107! 5.795935 x 1072 2.019784 x 107! 5.409049 x 10! 130
o Ps .
e —5.044212 x 10~ 3.296958 x 107! —2.488167 x 10~ 6306116 x 1072 —1.572911 x 10~ 2.055279 x 107! —1.551316 x 10~ 3.932572 x 1072
- —4.514925 x 10~° 5.223494 x 10-5 1.536652 x 10~ —1.682972 x 103 1.373035 x 10~ —1.644559 x 1077 —4.511200 x 10~° 5.055388 x 10~°
P x 0.48
gi 9.612232 x 10! 6.646908 x 107 —6.563252 x 107 2.298657 x 102 —4.518049 x 10~° —9.685366 x 10~ 9.621914 x 10~* —3.387376 x 107+
PP " 2.231093 x 1075 1.217002 x 10~ —1.308192 x 10~ 7.094978 x 107 —1.890104 x 10~ 7.179963 x 1074 —9.272201 x 10~ 4.006302 x 10~
P x 0.29
—5.063900 x 1072 —1.649334 x 10! 3.553504 x 10! —1.818629 x 10! 2231093 x 1075 —1.064762 x 10~* 8.844992 x 1075 —3.167679 x 107°
- —8.653346 x 1075 —3410015 x 10*  —6.280670 x 107*  —6.042105 x 10~* 1502221 x 10 6.835770 x 1075 —8.312862 x 1073 3.661317 x 1073 130
px .
2 2.029297 x 10° —6.416609 x 10° 6.660278 x 10 —2.407215 x 10°  —8.653346 x 107 5.741837 x 1074 —6.548470 x 1074 2556679 x 1074
AR TP —4.431150 x 107*  —3.394996 x 1073 8.028011 x 104 9.247058 x 10~* 3.261141 x 1073 —1.343220 x 102 1.957269 x 102 —9.771804 x 107 10
P .

—2.802331 x 10°

1.231034 x 10!

—9.982051 x 10°

2.324846 x 10°

-4.431150 x 1074

3.521560 x 1073

—1.772630 x 1073

2437415 x 1074

* Single-phase coefficients are valid for a pressure range of 1-42 bar and temperatures of —20 to 90 °C in the superheated zone and 10 to 60 °C in the subcooled zone, unless otherwise
specified. Two-phase coefficients are valid for a vapor quality range of 0.5-1. A critical pressure of 4,251,200 Pa and a critical temperature of 369.89 K are used to normalize the IVs.
** Valid for 1-27 bar. *** Valid for 2742 bar.
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3.1.4. Transport Properties

This section presents the transport properties of propane, such as specific heat capacity
(cp) in J/kgK, dynamic viscosity (y) in kg/ms, and thermal conductivity (¢) in W/mK. The
saturated transport properties can be calculated as a function of p using Equation (4) and
the coefficients summarized in Table 3, which are valid for a pressure range from 1 bar to
42 bar in the case of i and ¢, and to 35 bar in case of c;. Both the specific heat capacity and
thermal conductivity of the saturated liquid line showed lower mean deviations than those
of the saturated vapor line. In contrast, the MARD of the dynamic viscosity is smaller for
the saturated vapor line, with only 0.17%.

Single-phase and two-phase transport properties are represented using Equation (1) as
a function of pressure (p) and enthalpy (k) or vapor quality (x), respectively. The resulting
coefficients are summarized in Table 6. The two-phase transport properties of propane
are presented using Equation (1) rather than Equation (10), as it provides higher accuracy.
Further details are given in the Appendix A. The applicable pressure range for most
transport properties extends from 1 bar to 42 bar, except for the two-phase specific heat
and thermal conductivity, which are limited to a maximum pressure of 15 bar. This
15 bar limit was selected for two reasons: the application and the specified function
employed. The former will be discussed later in Section 3.2, while the latter concerns the
least-squares error associated with the shape of the polynomial function used (Equation (1))
and its highest polynomial order, which is set to 3. This is done to ensure a consistent
structure across all equations, allowing the method to be easily programmed and adapted
for multiple refrigerants. Both & and x serve as a second independent IV in this context,
and they follow the same ranges previously defined for the single-phase and two-phase
thermodynamic properties, respectively. The mean deviation of all liquid and vapor
transport properties is below 0.14%, except for the vapor specific heat capacity, which
reaches a maximum deviation of 0.52%. The two-phase thermal conductivity showed the
smallest mean deviation of 0.32%, followed by viscosity at 0.92% and specific heat capacity
at 0.97%.

3.2. Single-Property Analysis

Figure 3 provides a graphical representation of the propane explicit thermodynamic
formulations developed in this work across all zones (single-phase and two-phase) and the
saturated lines. The distributions of enthalpy (Figure 3a) and temperature (Figure 3b) are
determined using the explicit formulations of Section 3.1 and compared with the reference
data from CoolProp, reporting the relative deviation between the two values. The enthalpy
shows a common relative deviation of +0.2% across all zones, except for two notable
cases in which values reach £7% under extreme subcooling or near the critical point.
In contrast, the temperature shows a common relative deviation of only +0.05%, with
a maximum deviation of —1.8% near the critical point. Both of these cases fall outside
the typical operating range of a standard vapor-compression cycle [16]. Consequently, it
can be generally concluded that the developed explicit formulations behave consistently
across all zones, with deviations that are negligible within this operating range. While
the enthalpy and temperature heat maps in Figure 3 serve as illustrative examples of the
relative deviations in thermophysical properties, most other properties behave similarly,
with maximum deviations occurring only in the two notable cases discussed above.
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Table 6. Summary of the coefficients for transport properties of the single-phase (liquid or vapor) and the two-phase zones.

TOP

IVs *

a0

ai

az

Coefficients
as bO

by

bz b3

Co

1

2

C3 do

dq

dz d3

MARD [%]

Ho

a

p**,]’l

P )

ph

3.887493 x 107

9.308037 x 107

—1.541758 x 102

—1.310200 x 102

9.627313 x 10!

—1.694776 x 10!

—2.084946 x 10!
7.870201 x 102

5.064505 x 10!
1.046585 x 10°

—6.394510 x 10!
3.565992 x 107

3.887493 x 107

—1.106771 x 10? 1.629281 x 10!

8.263334 x 102
—2.463849 x 102

3.908543 x 107

1.315633 x 10° —4.363945 x 10°

—2.843074 x 10°
—5.133854 x 107>

6.939557 x 10°
—1.615936 x 104

—5.652565 x 10°
1.391544 x 10~

7.870201 x 107
—1.840980 x 1074

1.536302 x 103

1.967108 x 10"
—5.809621 x 1075

—4.538841 x 107 4562619 x 10?

4.748284 x 107°

—1.972308 x 10°
—7.873145 x 107¢

—3.827614 x 10°
2.732609 x 107°

3.741860 x 10°
1.312679 x 10>

—5.133854 x 107°

1.299455 x 10—° —4.851413 x 1077

—1.172262 x 1072
—1.180423 x 107>

9.471965 x 10~*

—9.974825 x 107° —1.143823 x 107*

—3.101727 x 10°
7.266051 x 102

7.351016 x 10°
9.647177 x 1073

—5.660565 x 10°
—9.644094 x 10~

—7.873145 x 107°
—8.481371 x 1073

1.466484 x 10°

3.896398 x 107°
4578544 x 1073

—2.120832 x 107° 4.713206 x 107°

—6.999685 x 104

—9.564155 x 107!
—5.244415 x 1073

—1.461914 x 10°
2.003390 x 1072

2.742559 x 10°
—1.826475 x 1073

7.266048 x 102

3.181238 x 10! 5513272 x 1073

—1.623706 x 10!
—4.525813 x 1072

7.341013 x 1072

3.468310 x 1072 —1.213066 x 10°

—8.239147 x 10°

2.033870 x 10!

—1.627834 x 10"

4.357878 x 10° —5.244415 x 1073

5.984555 x 1073

2.131177 x 1072 —5.075550 x 103

0.14

0.52

0.02

0.02

0.06

Crrp

Hrp

orp

p ey

p o y

3.700939 x 10°

5.616383 x 10°

—1.416538 x 10*

3.992688 x 10* 1.742173 x 10°

—1.495369 x 10*

8.989452 x 10* —3.383184 x 10°

—6.157997 x 10°
3.038418 x 10°

2.252606 x 10!
1.419590 x 107°

—2.721375 x 10!
—4.895544 x 1076

3.700939 x 10°
—3.861583 x 107

1.099328 x 10
1.030746 x 107°

—2.087525 x 10*
4156706 x 106

—9.353124 x 10°
3.130126 x 10~°

2.394372 x 10*
—5.342764 x 1075

—4.087694 x 107!
6.449879 x 1073

1.834401 x 10°
6.882147 x 1072

—1.422877 x 10°
—1.605759 x 107!

3.038418 x 10~°
2.392448 x 1073

4.351982 x 107!
3.884211 x 107!

9.218070 x 107
—1.840251 x 1072

—9.968602 x 1077
—4.732724 x 1071

1.650756 x 10~°
4.703344 x 1072

—3.212014 x 10°

1.252229 x 10!

—1.463863 x 10!

5.792517 x 10° 6.449879 x 1073

—1.030520 x 1072

1.054011 x 1072 —3.760987 x 1073

0.97

0.92

0.32

* Coefficients are valid for a pressure range of 1-42 bar, unless otherwise specified.

** Valid for 1-35 bar. *** Valid for 1-15 bar.
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Figure 3. Heat maps of the relative deviation of enthalpy (a) and temperature (b) between the values
predicted by the explicit formulations and the corresponding reference data from CoolProp over the
investigated operating range.

In the same context, certain properties are applied only within specific ranges, such as
the specific heat capacity and thermal conductivity in the two-phase region, as specified
in Section 3.1.4. These properties are required solely for calculating the vaporization
heat transfer coefficient [31]. Moreover, the evaporator typically operates at relatively
low pressures. For instance, a pressure of 15 bar corresponds to a propane saturated
temperature of 44 °C. Since the energy source, i.e., air, must be warmer than propane, the
heat pump does not need to operate when the air temperature exceeds 44 °C. On the other
hand, for cooling applications, the energy sink, i.e., water, should be much lower than 44 °C.
Therefore, the 15 bar upper limit for both correlations is acceptable for the application
presented in this work.

Figure 4 represents a validity map for the explicit formulations of propane. The
operating range for the considered vapor compression cycle is indicated by the white
(transparent) area, within which the formulations are globally valid over a pressure range of
1-35 bar for the developed moving-boundary HP model. The green lines represent a typical
vapor compression cycle, for which the evaporation pressure is limited to an upper bound
of 15 bar (~44 °C), while the condensation pressure remains valid up to 35 bar (=86 °C).
This range covers typical residential heat pump applications but constitutes a limitation for
other systems, such as high-temperature heat pumps. Within the white/transparent area,
all explicit formulations exhibit negligible errors. Outside this range, the formulations are
not applied: no extrapolation or clamping is performed, and the model is considered invalid
beyond the defined operating range. It is worth noting that within the blue dashed region of
Figure 4 (35-42 bar), certain thermophysical property correlations remain valid. However,
because the moving boundary model relies on a fully consistent set of thermophysical
property correlations, its overall range of applicability is governed by the most restrictive
validity limit among them (35 bar). Consequently, the blue dashed region does not indicate
deficiencies in the underlying physical assumptions or numerical scheme, but rather
operating conditions that cannot be represented in a fully consistent manner within the
presented moving-boundary modelling framework.

3.3. Simulation Results

Two identical air-source heat pump models are developed, employing propane as the
working refrigerant. The thermophysical properties of propane are determined either using
CoolProp [12] or via the explicit formulations. The implementation of the simulations was
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carried out in Python 3.11.5, using a numerical tolerance of 1e-5 for both models. While the
CoolProp model was solved using SciPy’s root function [45] and its modified Powell hybrid
method (which combines the Gauss—-Newton algorithm with gradient descent), the explicit
model was simulated in the GEKKO package (version 1.3.0) [41] using the simultaneous
moving horizon dynamic estimation and the IPOPT solver.

501
424

Pressure [bar]

Enthalpy [kJ/kg]

Figure 4. Validity map of the explicit formulations developed in this work. The white (transparent)
region represents the intended operating range, with a typical vapor-compression cycle shown in
green. The dashed-colored areas indicate regions where some explicit formulations remain valid but
are not applicable to the specific moving boundary model considered (blue) or are outside the scope
of this paper (red), such as extreme subcooling or near-critical operation.

All thermophysical properties were evaluated using the CoolProp Python interface
(PropsSI). Property calls were performed for scalar inputs inside the solver loop (i.e., no
vectorized array evaluation was used), such that both the CoolProp model and the explicit
model were subject to the same Python wrapper overhead. The CoolProp-based simulation
was solved using a fixed time step of At = 10 ms in order to ensure numerical stability
and convergence of the implicit formulation. The proposed explicit formulations were
integrated using a fixed time step of At =1 s, which was sufficient to accurately resolve the
system dynamics in Gekko.

In the explicit simulations, the moving-boundary model is initialized in a three-zone
configuration, with phase interfaces that move continuously via the boundaries (L; and
L), as shown in Figure 2, This approach avoids sudden phase changes. As a result, there
are no abrupt transitions between single- and two-phase formulations. The continuity
of thermophysical properties and their derivatives across phase boundaries is verified
through dedicated testing, resulting in smooth behavior similar to CoolProp. Consequently,
no numerical chattering or convergence issues were observed, and the solver remained
stable for all investigated operating conditions.

This air-source heat pump is evaluated using both model approaches to meet the
heating demand illustrated in Figure 5a. The outdoor air temperature is set to a constant
3 °C, i.e, the average winter air temperature according to the National Belgian Weather
Institute [46]. Figure 5 shows the outputs of the dynamic model for both approaches:
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CoolProp denotes the CoolProp-based simulation, and Explicit denotes the explicit method
simulation. The Explicit results align with those obtained with CoolProp throughout
the entire simulation period. The deviation in heating demand, shown in Figure 5a, is
negligible (MARD = 0.005%) with a maximum difference of 0.009%. Figure 5b shows the
condenser’s propane inlet temperature and water outlet temperature, with corresponding
MARD:s of only 0.12% and 0.01%, respectively. Lastly, the heat pump COP (Figure 5c)
and propane mass flow rate (Figure 5d) show close agreement in the general trend and
differ by only 1.12% and 0.88%, respectively. Overall, the minor deviation in COP and the
negligible differences in both heating demand and outlet water temperature confirm that
the explicit method provides an accurate representation of the system’s dynamic behaviour
while maintaining excellent agreement with the CoolProp-based approach. A more detailed
accuracy analysis is provided in Section 3.5.
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Figure 5. Overview of the dynamic behavior of the air-source heat pump model using both ap-
proaches, CoolProp and the Explicit method, over a 1200 s period: (a) heating demand, (b) propane

inlet temperature and water outlet temperature at the condenser, (¢) COP, and (d) propane mass
flow rate.

3.4. Computational Speed

To quantify the computational performance of the system, three time categories were
defined for the Explicit method and compared with the CoolProp approach. The first
category is the CPU time required to calculate a single property, with examples for different
phase states (e.g., liquid, two-phase). The second category is CPU time for initialization,
which represents the time needed to set up the model. The third category is CPU time
for the simulation, which reflects the total cumulative CPU time required to run the
entire simulation. For single-property evaluations, the execution time was measured
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using the high-resolution function time.perf_counter_ns(). For model initialization and
dynamic simulation with the Explicit method, the internal solver timing reported by
GEKKO (SOLVETIME) was used. For consistency, the corresponding model initialization
and simulation times when using CoolProp were measured using time.process_time(). Table 7
reports these three times, along with a speed-up factor noted in the last column. For the
Explicit method, the CPU times for both single-property calculations (with density used as
an example) and model initialization achieve a speed-up factor of several tens (e.g., 33 for
liquid density and 32 for initialization), while the total simulation is accelerated by a factor
of 117 compared to the CoolProp approach. This demonstrates the clear advantage of the
Explicit method and its computational performance over the CoolProp-based approach.

Table 7. Comparison of CPU performance times between the CoolProp and Explicit simulations.

CPU Time CoolProp Explicit Speed-Up Factor
B liquid 0.1896 0.0058 33
-
g Saturated 0.1043 0.0037 28
o liquid
o g Two-phase 0.3181 0.0068 46
Q —
5D Saturated 0.1272 0.0054 24
S vapor
Vapor 0.252 0.0091 28
Initialization [s] 58.50 1.83 32
Simulation [s] 40,861 347.81 117

3.5. Accuracy

Table 8 summarizes the accuracy of the explicit thermodynamic properties for both the
condenser and evaporator. Across all evaluated thermodynamic state variables, the explicit
method demonstrates excellent agreement with the CoolProp reference calculations. For
the condenser, the pressure and outlet enthalpy exhibit MARD values of 0.08% and 0.70%,
respectively, while the corresponding maximum deviations remain below 1.06%. Propane
temperature predictions in the SH, TP, and SC regions all remain within a MARD of 0.15%
or lower. Tube-wall temperature estimates across all three corresponding zones differ by
no more than 0.01% on average. Similarly, secondary fluid (water) inlet, core, and outlet
temperatures show deviations below 0.01%. On the other hand, the evaporator deviations
are even smaller: pressure and outlet enthalpy exhibit MARD values of 0.13% and 0.02%,
respectively. Propane temperatures across SH and TP regions remain within 0.05% MARD,
and the tube-wall temperatures maintain deviations as low as 0.01%. Air-side secondary
fluid temperatures show the same level of accuracy, with MARD values of 0.01%. These
results confirm that the explicit formulations reproduce the thermodynamic states with
high precision throughout both heat exchangers. Combined with the significant compu-
tational performance reported in Section 3.4, the explicit method provides an attractive
alternative to CoolProp/REFPROP for dynamic vapor-compression cycle simulations that
require a balance between accuracy and computational speed. It should be noted that
the proposed explicit formulations are obtained through independent regressions and
are not derived from a single thermodynamic potential, and therefore are not explicitly
constrained by Maxwell’s relations. This thermodynamic inconsistency is acknowledged as
a limitation of the explicit method; however, it is considered acceptable for dynamic system
modelling applications where computational efficiency is prioritized and only small errors
are observed at both the system level (Section 3.3) and in the detailed accuracy analysis
presented in this section.
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Table 8. Accuracy analysis of the various thermodynamic state variables in the condenser and
evaporator, reported in terms of Mean Absolute Relative Deviation (MARD) and maximum deviation
between CoolProp-based and explicit simulations.

Thermodvnamic Condenser Evaporator
! o Maximum o Maximum
State Variable MARD [%] Deviation [%] MARD [%] Deviation [%]

Pressure 0.08 0.23 0.13 0.32
Outlet enthalpy 0.70 1.06 0.02 0.05
SH 0.12 0.15 0.05 0.08
Propane TP 0.01 0.03 0.01 0.04

% SC 0.15 0.21 - -
§ 1st zone 0.01 0.03 0.01 0.02
8 Tube-wall 2nd zone 0.01 0.04 0.01 0.03

§ 3rd zone 0.01 0.02 - -
Inlet 0.00 0.00 0.01 0.02

Secondary fluid Core 0.01 0.04 - -
(Water/air) Outlet 0.01 0.04 0.01 0.03

4. Conclusions

The explicit thermodynamic formulations offer a highly efficient alternative to conven-
tional EOS-based calculations, such as those implemented in CoolProp/REFPROP. When
applied to a dynamic air-source heat pump model, the explicit formulations achieves a
speed-up factor of 117 while maintaining excellent accuracy with CoolProp. Deviations in
heating demand are negligible, and the COP differs by about 1% only. Most thermodynamic
state variables of the heat pump model show maximum relative deviations below 0.32%,
with only the condenser outlet enthalpy remaining acceptable at 1.06%. These results
clearly demonstrate the ability of the explicit method to capture the dynamic behaviour of
vapor-compression systems with significant computational savings. Additionally, the ex-
plicit method represents a practical alternative to CoolProp/REFPROP for dynamic system
simulations where both accuracy and computational efficiency are essential. The authors
therefore recommend applying the explicit approach in future work to other low-GWP
refrigerants, such as R600a and R454B, that are likely to become widely implemented.
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Nomenclature

A Cross-sectional area [m?]
a,b,c,d e Regression coefficients

Cuis Discharge coefficient [-]

Cp Specific heat capacity [k]/kgK]
h Enthalpy [k]/kg]

L Length in flow direction [m]

m Mass flow rate [kg/s]

p Pressure [Pa]

Q Heat transfer [Watt]

s Entropy [k]/kgK]

t Time [s]

T Temperature [K]
Abbreviations

CM Compressor

CoolProp CoolProp-based simulation
(€0) Coefficient of performance
EOS Equation of state

Explicit Explicit-based simulation

IVs Input variables

MARD Mean absolute relative deviation
SC Subcooling

SBTL Spline-based table look-up

SH Superheating

TOP Thermophysical output property
TP Two-phase

vV Throttle valve

Appendix A

Internal energy [J]

v Velocity [m/s]
Vi Stroke volume [m?]
x Vapor quality [-]
Zem Compressor frequency [Hz]
Greek symbols
Heat transfer coefficient
“ [W/mZ2K]
o Density [m3/kg]
Dynamic viscosity [kg/ms]
- Thermal conductivity
[W/mK]
Mo Volumetric efficiency [-]
g—; Partial derivative of x w.rt. y
Subscripts
dis Discharge
in inlet
l Liquid
m Metal wall
out Outlet
Poly Polynomial
Pow Power-law
r Refrigerant/propane
s Saturated
sf Secondary fluid
suc Suction
v Vapor
w Water

This appendix presents a comparison between the linear interpolation approach

(Equation (10)) and the explicit method (Equation (1)) for the calculations of the two-phase

transport properties, highlighting the larger errors introduced by the interpolation ap-

proach. Due to these higher errors, the explicit polynomial formulation was selected to

predict two-phase transport properties, such as viscosity (Figure Al) and thermal con-

ductivity (Figure A2). Both figures indicate that the explicit method (Equation (1)) yields

consistently lower prediction errors than the linear interpolation approach (Equation (10)).

The CoolProp data, used as the reference, are shown in black and closely align with the

green data points corresponding to the explicit method.
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Figure A1. Two-phase viscosity of propane over the pressure range 1-42 bar.
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Figure A2. Two-phase thermal conductivity of propane over the pressure range 1-15 bar.
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