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� Direct expansion geothermal evaporator has been simulated using R22, R410A and R407C.
� R407C is the best fluid for retrofit R22 system in the field of DX GHP.
� The pressure drop in R407C DX evaporators is higher than that of R410A.
� The pressure drop in R22 DX evaporator is higher than those of R407C and R410A.
� HER does not really depend to the type of refrigerant at a given soil temperature.
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a b s t r a c t

This study presents a comparative performance analysis of a direct expansion geothermal evaporator
using R410A, R407C and R22 as refrigerants. The main goal is to predict the best refrigerant capable of
serving as a substitute for R22. A validated geothermal evaporator model developed by our research team
was used. The simulation results show that for low refrigerant flow rate, the R410A DX evaporator shows
better performance than that of R22, but from the pressure drop observed and superheating recorded
with the former, it can be concluded that R407C is the best fluid to replace R22 in the DX GHP. That
notwithstanding, to minimize pressure drop, especially for high refrigerant flow rates, R410A would be a
better choice for the design of new DX systems.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

With the coming into force of the Montreal Protocol in 1989, the
most environmentally harmful refrigerants, such as CFCs (Table 1),
have been banned since 1995 [8]. Those less damaging to the ozone
layer, such as HCFCs (Table 1) have a replacement schedule
extending until 2040 [24]. R22 shall be replaced by HFCs to as
Montreal Protocol. Thus, to overcome these protocol challenges,
several studies are ongoing in various fields, and are summarized in
Fig. 1 [1,2,4,5,6,7,9,12,15,16,21,22,23,25,27,29,31,32,33,35,36,39,40,
42,43,45,48,49,50].
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These studies aim mainly to:

� Develop new refrigerants to be prioritized [15,41].
� Develop new heat transfer coefficient expressions [28,52].
� Define tools for analyzing new and existing systems (including
components) with respect to fluid substitution.

� Choose the best refrigerant performing similarly to or better
than R22.

� Develop the best strategies for system retrofit, including the
choice of lubricating oil, while ensuring performance, safety and
environmental protection.

Severalmethods have been developed to synthesize and produce
new refrigerants capable of replacing R22. Specifically with respect
to air conditioning and heat pumps, the substitute refrigerants
currently available on the market are: R134a, R404A, R410A, R407C,
R1270, CO2 (R744) etc. ([26,53,54]), as well as future generation
options discussed by James M. Calm [17] and Yunho et al. [8].
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Nomenclature

htot Global heat transfer coefficient (Wm�2K�1)
Tcr Critical temperature (�C)
Pcr Critical pressure (kPa)
de Evaporation distance in the borehole (m)
Tsol Ground temperature (�C)
P Pressure (kPa)
h Specific enthalpy (J/kg)
hg Vapor specific enthalpy (J/kg)
hf Liquid specific enthalpy (J/kg)
Mwt Molecular weight (kg mol�1K�1)
HOC Heat of Combustion (MJ kg�1)
NBP Normal Boiling Point (�C)
LFL Lower Flammability Limit (%)
ks Ground thermal conductivity((W/m.K)
Cps Ground specific heat (J/kg.K)
rs Ground density (kg/m3)

Hs Heat transfer coefficient between pipe and grout
(W.m�2.K�1)

DX Direct Expansion
SL Secondary Loop
PDE Partial differential equations
HT Heat transfer in solid
ODP Ozone Depletion Potential
GWP Global Warming Potential
GHP Geothermal Heat Pump
GHE Geothermal Heat Exchanger
NIST National Institute of Standards and Technology
CFCs ChloroFluoroCarbons
Tcmean Mean temperature of grout (�C)
COP Coefficient of performance of heat pump
HFC HydroFluoroCarbon
HCFC HydroChloroFluoroCarbon
HER Heat Extract Rate (Wm�1)
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Many studies have been carried out as well on heat exchangers
and on the overall heat pump to assess their performance versus
fluids serving as candidates to replace R22, and to develop strate-
gies for the conversion of heat pump systems currently in service,
most of them operating with R22. The results vary with the
experimental conditions, the design, the refrigerant and the sys-
tems used. Readers may refer to Fig. 1 for more details.

The alternative refrigerants to R22 evaluated vary significantly:
(i) R407C and R410A in a 10.5 kW residential heat pump [3]; (ii)
R134a, R290, R407C and R407C in a theoretical vapor compression
cycle model [55]; (iii) R407A and R407C in a domestic heat pump
[37]; (iv) R134a and various mixtures of R22/R134a in a domestic
heat pump [44]; (v) R22, R134a, R290, R600, R404A, R407A, R407B,
R407C, 407D, R410A, R410B, and R417A in residential air condi-
tioners (simulation NIST software Cycle_D) [24]; (vi) the mixture of
R290/R600/R123 in a geothermal heat pump system [14]; (vii)
R134a in the experimental direct expansion ground-coupled heat
pump (DX-GCHP); (viii) CO2 in a direct expansion geothermal
evaporator model [46], etc. The results obtained vary greatly, and
are usually measured against those of R22, which are considered as
the reference. The following are some interesting conclusions
concerning air-to-air systems:

� It is possible to replace R22 by R407C because they have a
neighboring thermodynamic property [3,51,53].
Table 1
Environmental effects of refrigerants [8].

Refrigerants ODP GWP

CFCs R11 1 3800
R12 1 8100

HCFCs R22 0.055 1500
R141b 0.11 630
R142b 0.065 2000

HFCs R32 0 650
R125 0 2500
R134a 0 1300
R407C 0 1520
R410A 0 1725

Natural refrigerants R744 0 1
R717 0 0
R600a 0 3
R290 0 3
� The use of R410A has required that the original reciprocal
compressor be changed to a smaller displacement scroll
compressor (approximately 66% of R22 capacity) to achieve the
same cooling capacity of R22 [3].

� Systems using R410A experience more pronounced perfor-
mance degradation than those using R22, R407C, R290 and
R134a because of the low critical temperature of R410A [55].

� The mixture ratio affects the COP (ratio between the heating
capacity and the power consumption of the compressor)
significantly, and the COP could be improved by using R134a or
an appropriate mixture of R134a/R22 instead of pure R22 [44].

� R404A, R507, R407C, R427A and R422D are used to retrofit R22,
and compressor tests with these fluids reveal a drop in perfor-
mance of about 5e15% compared to R22 [19].

� The electric consumption values of units operating with R404A,
R407C, and R410A are about 22e31% higher versus the casewith
R22. For the units operating with R407A, R407B, R407D, R407E,
and R410B, the electric consumption is about 10e23% higher.
For R600, the consumption is 6e8% higher thanwith R22. For all
these fluids, the COP is 7e24% lower than with R22, except for
R600, for which the COP is higher by 7e9%, and R134a and R290,
which exhibit the same COP as R22 [24].

� When considering thermal and environmental parameters,
R290 is identified as the best candidate for R22, provided the
safety aspects are resolved [24].

In the field of geothermal heat pumps, and especially that of DX
heat pumps systems [56], most of the experimental work and
modeling (see Fig. 1) are usually carried out with only one
replacement fluid. Wang et al. [10], for example, conducted an
experimental performance evaluation of a direct expansion
ground-coupled heat pump (DX-GCHP) system in heating mode
that uses R134a as the refrigerant. During the oneoff operations,
the heat pump supplied hot water to the fan-coil at 50.4 �C, and its
heating capacity was 6.43 kW. The COP values of the heat pump and
of the whole systemwere found respectively to be 3.55 and 3.28 on
average at an evaporating temperature of 3.14 �C and a condensing
temperature of 53.41 �C. The authors also discussed some practical
points such as: (i) the heat extraction rate from the ground, (ii)
refrigerant charge, and (iii) two possible new configurations to deal
simultaneously with the misdistribution and instability of parallel
GHE evaporators. Cerit and Erbay [18] evaluated the roll bond
evaporator design which gives maximum COP for the direct



[51]

Fig. 1. Summary of the literature on replacing R22 with working field.

Fig. 2. Ground heat exchanger.
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expansion solar-assisted heat pump (DX-SAHP) water heater
investigated experimentally on three separate heat pump systems
using R134a as refrigerant. The COP of the system obtained was
between 2.42 and 3.3. The R407C DX heat pump was tested by
Mustafa Omer [38], and performed remarkably. A direct
geothermal expansion evaporator model and experimental heat
pump using CO2 as refrigerant were carried out respectively by
Eslami-Nejad et al. [46] and Austin et al. [11]. As we can see in the
examples cited above, these studies of the DX heat pump with R22
fluid replacements are limited to evaluating performance without
carrying out a simultaneous comparative study with the R22. As
highlighted by Kim et al. [30], to maintain and improve the current
performance of air conditioning systems and heat pumps, an
evaluation of the behavior and performance of each component,
whether new or existing, with these refrigerants that are R22 al-
ternatives should be clarified. That is why in this study, the para-
metric analysis of a direct expansion geothermal evaporator (Fig. 2)
with three refrigerants, R22, R410A and R407C, is discussed. The
aim is to determine the best R22 substitute fluid and its implica-
tions. R22 is pure refrigerant whereas R410A and R407C are zeo-
tropic mixtures in which the temperature glide is observed during
the phase change. The temperature glide is about 7 �C for R407C,
versus about 0.3 �C for R410A. Thus, R410A is considered as a near-
azeotropic fluid. In all cases, this temperature glide causes varia-
tions in the thermodynamic properties, and therefore a variation in
the heat transfer behavior when evaporation and condensation
occur. Table 2 shows the composition, physical properties and
safety classifications of the fluids selected in this study.

The direct expansion geothermal evaporator (Fig. 2a) is a
component of a particular heat pump generally known as a direct
expansion geothermal heat pump (DX GHP) [57,58]. Heat transfer
occurs directly between the refrigerant and the soil. The phase
change phenomenon then occurs inside the copper tube installed
on the ground. In the heat exchanger installed on a secondary loop
(SL) geothermal heat pump (Fig. 2b), the heat transfer occurs be-
tween the refrigerant and other secondary fluids, such as water
glycol mixture, methyl propane, etc.



Table 2
Physical and safety data of the selected refrigerants [24].

Refrigerant Physical property Safety data

Chemical & blend MWt NBP Tcr Pcr ASHRAE
safety
group

HOC LFL

Composition (kg/mol) (�C) (�C) (kPa) (MJ/kg)

R22 CHClF2 86.47 �40.8 96.1 4990 A1 2.2 none
R407C R32/R125/

R134a
86.2 �43.8/-36.7 85.8 4600 A1 �4.9 none

R410A R32/R125 72.58 �51.3 70.5 4810 A1 �4.4 none

Fig. 4. Two-dimensional model of the ground.
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2. Model used

The model used in this study and that in the global scheme
shown in Fig. 3 were developed by our research team. This model
was validated with R22 experimental data. It should be noted that
the heat transfer coefficients correlations are adjusted to take into
account both pure and mixture refrigerants used in this study.
Details concerning governing equations, correlations and assump-
tions and validation used can be consulted in Refs. [57,59,60].

The model is devised in four domains:

- The refrigerant flow, both ascending and descending, in one
dimension (z);

- The pipe, both ascending and descending, in one dimension (z);
- The grout, in one dimension (z);
- The ground, in two dimension (x,y) (Fig. 4) described as follows:

The ground temperature Ts is calculated with a two-
dimensional model,

rsCps
dTs
dt

¼ ks
v2Ts
vx2

þ ks
v2Ts
vy2

(1)

with at the contact between the ground and the borehole:

nð�ksVTsÞ ¼ HsðTcmean � TsÞ (2)
Fig. 3. Diagram o
The interest in using a two-dimensional model lies in the fact
that it makes it possible to take into account the effect of a borehole
to an over one.

The entire model was implemented in the Comsol software
environment. Table 3 shows the model parameters. The governing
equations are solved in Comsol using two modules whose variables
are coupled through the boundary conditions: the PED module
(resolution of mass conservation, energy conservation and mo-
mentum conservation equations) and the HTSmodule to solve heat
transfer phenomenon in the tube, into the ground and grout. The
Comsol normal mesh in one dimension was used to the ascending
and descending flows with a step of 0.5 m (80 elements). The
triangular mesh was used for 2-D model of the ground, with a
number of 1424 elements (Fig. 5). During the simulation, the time
step adopted is 10s.

Phase change zone is described by a phase-separated pattern.
The local heat transfer coefficient is calculated using the super-
position method based on the sum of the contributions of nucleate
boiling and convective boiling [61]. The transition from the two-
phase flow (inlet vapor quality is 0.2) to single-phase flow is
modeled in Comsol by user-defined functions. For example, the
vapor quality is determined in Comsol by:
f the model.



Table 3
Parameters of the model.

Variables Values

Length of the descending flow (m) 40
Length of the ascending flow (m) 40
Internal diameter of descending flow (mm) 7.9
Internal diameter of ascending flow (mm) 11.07
External diameter of descending flow (mm) 9.5
External diameter of ascending flow (mm) 12.7
Initial ground temperature (K) 287.5
Diameter of the borehole (m) 0.076
Distance between pipes (m) 0.02
Pipe thermal conductivity (W/m.K) 401
Pipe Specific heat (J/kg.K) 385
Pipe density (kg/m3) 1000
Grout thermal conductivity (W/m.K) 1.6
Grout specific heat (J/kg.K) 800
Grout density (kg/m3) 2300
Ground thermal conductivity((W/m.K) 2.8
Ground specific heat (J/kg.K) 600
Ground density (kg/m3) 2000
Inclination of the evaporator p/2
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Titreðh; PÞ ¼ flc2hsðh� hfðPÞ;0:01Þ*flc2hsðhgðPÞ � h;0:01Þ*
� ðh� hfðPÞÞ=ðhgðPÞ � hfðPÞÞ
þ flc2hsðh� hgðPÞ;0:01Þ*0:999

where ‘’flc2hs'’ is a smoothed Heaviside function predefined in
Comsol.

3. Methodology

A standardmethodwas not specifically defined for assessing the
refrigerant performance with a direct expansion geothermal
evaporator (DX evaporator). However, some methods used to
compare the performance of pure and mixed refrigerants in the
conventional vapor compression cycle have been developed and
used. McLinden and Radermacher [62], for example, evaluated the
methods for comparing of pure and mixed refrigerants by
computing the COP and the heating capacity for an ideal vapor
compression cycle for R22/R114 and R22/R11 mixtures. They con-
ducted investigations using the equal total area method, and opti-
mized the COP by adjusting the relative areas of the evaporator and
condenser, while keeping the total heat exchanger area per unit
capacity constant.

Although they found that the optimum distribution of the total
area varies significantly, the COP exhibits a broad and flat peak
versus the fraction of the total area in the evaporator. Also, ac-
cording to the others [62], if comparisons are based only on one
characteristic condensation temperature and one evaporation
temperature, then results will depend entirely on how the char-
acteristic temperatures are defined. They concluded that the
Fig. 5. Meshing of domain.
methods specifying the heat transfer fluid temperatures and a total
heat exchanger area per unit capacity are the bests to offer a
comparison applicable to both pure and mixed refrigerants.
H€ogberg et al. [63] examined three comparison methods, and the
methods differ in how they assess the heat exchange process: (i)
comparisons between fluids using the equal minimum tempera-
tures approach in the heat exchangers, (ii) comparisons between
fluids by equal mean temperature differences in the heat ex-
changers, and (iii) comparisons between fluids by equal heat
transfer areas. They concluded that to predict, the relations be-
tween fluids with a high degree of accuracy, one must use the
method with equal heat transfer areas.

Douglas et al. [13] developed a cost-based method for
comparing alternative fluids to R22 by defining a single perfor-
mance index based on the minimum cost for a simplified system
operating with a given cooling capacity and efficiency. According to
the authors, this method represents an improvement over others
for evaluating refrigerants in that it more appropriately considers
the influence of both thermodynamic and transport properties on
refrigerant choice, and it allows additional costs associated with
some replacements (e.g., safety features for flammable refrigerants)
to be taken into consideration.

It should be noted that for the different methods listed above,
comparisons are made with refrigeration systems with two con-
densers and evaporators cooled or heated by secondary fluids.
Thus, it is easier to set or control the input and output temperatures
of the secondary fluids. In a DX GHP that uses the DX evaporator
analyzed in this study, there is only one heat exchanger with a
secondary fluid: the condenser. As mentioned in the introduction,
in the DX evaporator, the refrigerant exchanges heat directly with
the ground. Thus, we do not have any control over the evaporation
temperature, which also varies greatly due to the pressure drop
recorded [10,47]. The means of equal minimum temperatures
approach method and equal mean temperature differences method
cannot therefore be applied in our case. The cost-based method
proposed by Douglas would be very useful for a complete study of
the DX GHP, and cannot therefore be used in this study because it
concerns only the DX evaporator. Thus, the equal heat transfer area
method was selected for use in our work. That means that during
the simulation process, we kept constant the length of the DX
evaporator, the refrigerant temperature, and the vapor quality at
the inlet of the DX evaporator.

Three refrigerants were studied (R22, R407C, R410A) and three
comparison cases were examined in this study:

Case #1: Refrigerant temperature (5 �C) and vapor quality (0.2)
remain fixed and constant at the DX evaporator inlet and the
refrigerant flow rate (0.015 kg.s�1) remains constant in the DX
evaporator. The soil temperature is kept constant at 14.5 �C ac-
cording to our temperature condition.
Case #2: Same as case #1, but with the refrigerant flow rate in
the DX evaporator varying.
Case #3: Same as case#1, but with the soil temperature varying.

In all the cases, the thermal performances of the DX evaporator
were evaluated by computing the:

� Phase change process
� Pressure drop (Difference between inlet pressure and the outlet
pressure of the refrigerant of the evaporator)

� Heat transfer coefficient between the fluid and pipe
� Heat extraction rate from the ground (Ratio between the heat
extracted from the ground and the depth of the well)

� Superheating (Difference between the coolant temperature at
the outlet of the evaporator and the saturation temperature)
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4. Results and discussion

It should be noted that on the graphics having on the x-axis the
borehole length, the data are obtained with a simulation time equal
to 450 s (end of simulation). The curves shown are the descending
flow from 0 m to 40 m and the ascending flow, which starts from
40 m to 0 m.

According to the conditions described in case #1, the pressure
and enthalpy set for the input DX evaporator are about 584 kPa,
246 kJ kg�1 for R22, 642 kPa, 250 kJ kg�1 for R407C and 936 kPa,
253 kJ kg�1 for R410A, respectively. As can be seen, with the same
temperature and vapor quality conditions imposed at the evapo-
rators’ inlet, the pressure at the inlet of the R410A DX evaporator is
approximately 60% higher than that at the R22 DX evaporator inlet
and only 10% higher than that at R407C DX evaporator inlet.
Resizing the compressor is so need to use R410A as refrigerant for
retrofit R22 system.
Fig. 7. Heat transfer coefficient comparison.
4.1. Case #1

Figs. 6e8 show the simulation results for this case.
Fig. 6a shows the variation of vapor quality along the DX evap-

orator with a 40 m depth. From this figure, the phase change ex-
tends over 42.5 m for R22 against 52 m and 60 m for R407C and
R410A, respectively with a vapor quality of 91.4% for R22, 77.04% for
R407C and 69.02% for R410A during the descending flow. We can
conclude that the operating conditions are more appropriate for
the phase change for R22 than for the two other refrigerants, R407C
and R410A, and that those in the R407C DX evaporator are better
than that for the R410A DX evaporator. Despite this finding be-
tween R410A and R407C, the superheating observed in the R410A
evaporator is higher thanwhat is observedwith the R407C (Fig. 6b),
but is almost the same as that obtained with the R22. However, the
advantage with the two fluids replacing R22 is that after 100 s of
simulation, the superheating obtained in the operating conditions
presented in this study is less than 10 �C. These superheating values
Fig. 6. Vapor quality comparison in borehole (a) and superheating variations com-
parison (b).
are favorable for good DX heat pump operation as observed in
experimental studies with the DX system [47].

Fig. 7 shows the variations of the global heat transfer coefficient
between the refrigerant and the tube wall. Fig. 7a shows the heat
transfer coefficient during the descending flowwhile Fig. 7b shows
it in ascending flow. From these figures, it can be noted that during
the descending flow, the overall heat transfer coefficient in a DX
evaporator increases almost linearly in a range of vapor quality
from 0.2 to 0.7 for R22, and 0.2 to 0.8 for R410A along the DX heat
exchanger. However, R407C is unique in because a change of the
global heat transfer coefficient initially decreases with vapor
quality, and then increases, presenting a local minimum in the
vapor quality range between 0.4 and 0.6. Note that in the DX
evaporator model used, two-phase heat transfer is described by the
Fig. 8. Pressure drop comparison versus borehole length.
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correlation of Chen [61], which results from the interaction be-
tween nucleate boiling and liquid convection. When the liquid
convection is the main mechanism, the heat transfer coefficient
increases with the vapor quality. Indeed, as the flow proceeds
downstream and vaporization occurs, the void fraction increases,
thus decreasing the density of the liquidevapor mixture.

As a result, the flow accelerates, enhancing the convective
transport from the heated wall of the tube [20]. This is observed in
the case of R22 and R410A. In the case of R407C, two regions of heat
transfer can be observed, with the first, where nucleate boiling
dominates at low vapor qualities. In this region, heat transfer co-
efficients decrease as the effect of nucleate boiling diminishes.
Indeed, as vapor quality increases in annular flow, the effective wall
superheat decreases due to a thinner liquid film (less thermal
resistance) and to an enhanced convection caused by high vapor
velocity. Thus, the number of active nucleation sites decreases until
a transition vapor quality is reached. Beyond the transition vapor
quality, the effective wall superheat is below the threshold value
required for bubble nucleation on the wall. The second region
corresponds to convective evaporation. It is characterized by an
increase in the heat transfer coefficients with vapor quality as
explained previously [20]. During ascending flow, two zones are
generally observed: a first area where the heat transfer coefficient
remains substantially constant, and a second area where there is a
rapid decrease in the heat transfer coefficient corresponding to the
end-of-phase change, and where the refrigerant is almost in vapor
form. The heat transfer coefficients suddenly drop when the liquid
film disappears (for high vapor qualities), leaving the tube wall
partially or totally dry because of the low thermal conductivity of
the vapor. In all cases, the transfer coefficient in the R407C DX
evaporator is greater than that of R410A and R22, with the R410A
DX evaporator heat transfer coefficient remaining slightly higher
than that of R22 due to its higher thermal conductivity in both the
liquid and vapor phases [34]. These observations will help in
establishing the simplified relations for the global heat transfer
coefficients dependent only on vapor quality for new alternative
refrigerants to R22 such as R407C and R410A, for the DX evaporator.

One factor that influences the DX heat pump performance is the
pressure drop in the DX evaporator. As can be seen in Fig. 8, and
which seems be interesting, the two refrigerant candidates for
replacing R22 generate a smaller pressure drop than R22. According
to the results, the evaporator pressure drop is about 228 kPa for
R22, 208 kPa for R407C, and about 130 kPa for R410A. This is
equivalent to a drop of 9% for R407C and 37.4% for R410A, compared
to R22. The vapor density of R410A is lower than that of R22,
resulting in a lower pressure drop [64]. Moreover, the pressure drop
in the R22 DX evaporator remains close to that of R407C because of
their similar thermodynamic properties. In addition, as shown in
Fig. 8, the pressure drop remains almost constant during the
superheating period.
4.2. Case #2

In previous studies on the DXGHP with R22 [47], it has been
shown that in the case of DX evaporators in parallel, the misdis-
tribution of refrigerant flow rate can occur and cause an oscillation
phenomenonwhich contributes to lower system performance. That
is why this case has been proposed to evaluate refrigerant flow rate
impacts. The analysis focused on the effect of the refrigerant flow
rate variation on: (i) the phase change, (ii) the grout temperature,
(iii) the pressure drop, (iv) the superheat, and finally (v) the ground
heat extracted. The other parameters are kept constant (Table 3).
The refrigerant flow rate varies between 0.015 kg s�1 and
0.030 kg s�1 in steps of 0.05 kg s�1. The pressure and enthalpy set at
the evaporator input are those in case #1. Figs. 9e13 show the
simulation results obtained in this case.

The general finding for the phase change process (Fig. 9) is that
when the refrigerant flow rate increases in the DX evaporator, the
evaporation distance also increases. Note that this distance is very
important in some heat transfer coefficients during phase changes
[65]. The increase in evaporation distance means that the phase
change process becomes increasingly difficult. It results in reduced
superheating (Fig. 10). In addition, at a low refrigerant flow rate
(0.015 kg s�1 and 0.020 kgs�1), the phase change process is
completed with acceptable superheating (Fig. 9a and b).
Conversely, at a high refrigerant flow rate (0.025 kgs�1 and
0.030 kgs�1), the phase change process would require more time
because more refrigerant mass evaporates, making the process
more complex. The result is either an absence or degradation of
superheating observed (Fig. 10c and d). It is concluded that these
two flow rates do not seem to match the proper operation of the
evaporator. The results with the two lowest refrigerant flow rates
studied are presented below. Comparing the phase change process
for the three refrigerants studied (Fig. 9), we can observe that
although, for low refrigerant flow rates (0.015 kgs�1 and
0.020 kgs�1), the phase change occurs more quickly in the R407C
DX evaporator than that of R410A (Fig. 9a and b). The superheating
recorded in the R410A DX evaporator is similar to that of R22 at a
0.015 kgs�1 refrigerant flow rate (Fig. 10a). At a 0.020 kgs�1

(Fig. 10b) refrigerant flow rate, the superheating produced in the
R407C and R410A DX evaporators is less than those produced in the
R22 DX evaporator, but after a 200 s simulation, the R410A evap-
orator reports slightly higher superheating than does the R407C.

In practice, a trade-off should be found between superheating
and refrigerant flow rate in order to optimize the DX heat pump
performance using this type of evaporator.

Fig. 11 show the pressure drop comparison observed in the
evaporators versus what is seen in the borehole length. According
to the simulation results, the refrigerant flow rate has a notable
influence on the pressure drop in the DX evaporators, and therefore
reflects the complex behavior observed in the DX geothermal
evaporators, depending on the refrigerant flow rate [10,57]. For the
R22 DX evaporator, the largest pressure drop is observed at a
refrigerant flow rate of 0.020 kgs�1 and in the R410A DX evaporator,
the pressure drop increases with an increasing refrigerant flow rate.
However, at 0.015 kgs�1, the pressure drop observed in the R22 DX
evaporator is still higher than those in the R410A and R407C DX
evaporators (Fig. 11a). At a refrigerant flow rate equal to
0.020 kgs�1, the R407C evaporator has a pressure drop greater than
those of R22 and R410A (Fig. 11b).

Efforts to optimize the design parameters such as the length, the
diameters of the heat exchanger, the refrigerant flow rate, etc.,
should help reduce this pressure drop and increase the perfor-
mance of DX evaporators with R407C and R410A.

Table 4 shows the grout cooling values obtained during the
simulation, for all refrigerant flow rates. As can be seen, when the
flow of the refrigerant in the DX evaporator increases, the grout
cooling increases for three refrigerants investigated in this study.
However, for low refrigerant flow rates such as 0.015 kgs�1 and
0.020 kgs�1, the grout cooling observed in the R410A DX evapora-
tors appears to be higher than those recorded in the R22 and R407C
DX evaporators. Grout cooling in the R22 and R407C DX evaporators
is at near-similar levels. Note that in the case of R22, the phase
change is not complete at a refrigerant flow rate equal to
0.030 kgs�1. This explains the singularity observed on the cooling of
grout at this flow rate.

Table 5 depicts the mean values of the heat extraction rate
during the simulation. As can be seen, the heat extraction rate in-
creases as the refrigerant flow rate increases for each refrigerant.



Fig. 9. Vapor quality comparisons versus borehole length.

a b

c d
Fig. 10. Superheating variations comparison.
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Fig. 11. Pressure drop versus borehole length.
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For a given refrigerant flow, from the small differences observed
between the HER for the three evaporators, it can be concluded that
the HER does not really depend on the type of refrigerants studied,
and is therefore an excellent design parameter of DX evaporators.
However, the HER for the R410A remains slightly greater or
Fig. 12. Vapor quality comparis
substantially equal to that extracted with R407C. Using the values
of R22 (Table 5) as a benchmark, R407C extracts almost the same
HER as R22 at 0.015 kg s�1 and 0.020 kg s�1 refrigerant flow rates,
respectively (R410A extracts 3% and 2%more than R22, respectively
at 0.015 kg s�1 and 0.020 kg s�1 refrigerant flow rates). For the
refrigerant flow equal to 0.020 kgs�1 or more, the mean values of
the HER achieved for R407C and R410A (Table 5) remain compatible
with the general design values of 45 Wm�1 recommended by
Percebois [66], and with the European standard EN 15450 Heating
System in Buildings-Design of Heat Pump Systems. This standard
recommends an HER of 50e60 W.m�1 for sizing a DX heat pump
installed in a water-saturated sediment [47]. Note that an excessive
ground heat extraction can deplete the soil and affect the perfor-
mance of the geothermal heat pump.

4.3. Case #3

In this section, the influence of soil temperature on the per-
formance of the DX evaporator for R22, R410A and R407C is
examined. In the design process of the secondary loop geothermal
heat pump, the initial soil temperature is seen in the ground heat
exchanger length calculation [67]. Therefore, it is important to
analyze the effects of soil temperature on the phase change and on
the ground heat extraction rate. In this simplified study, the
thermophysical properties of the soil and grout are kept constant,
with only the soil temperature varying. The refrigerant pressure,
enthalpy and flow rate values at the DX evaporator inlet are those
for case 1 for the three refrigerants studied. Note that in the model,
the soil temperature here is the initial average temperature around
the grout.

Four soil temperatures were evaluated: 10 �C, 13 �C, 15 �C and
20 �C. Fig. 12 presents the vapor quality variations in the DX
evaporators as a function of the borehole length for the different
soil temperatures. Unlike the increasing effect of the refrigerant
flow rate on the phase change in the DX evaporator (case #2), the
on versus borehole length.



Fig. 13. Heat extraction rate variation for each refrigerant.
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increase in the soil temperature accelerates the phase change
process in these evaporators by increasing the heat transferred
from the soil to the refrigerant. This has the effect of reducing the
evaporation distances (Table 6). However, by comparing the
behavior of the three evaporators for each soil temperature, we can
note that at Ts ¼ 10 �C, the phase change is not completed for the
R407C and R410A DX evaporators with vapor quality of 95.1% and
80%, respectively. For soil temperatures above 10 �C, the super-
heating obtained is between 4 and 13 �C, with the behavior of the
R407C DX evaporator which seems to approach that of R22 for soil
temperatures above 13 �C. The R410A DX evaporator generates the
same superheating (1% less) as that of R22 respectively at
Tsol ¼ 13 �C, Tsol ¼ 15 �C, and about 15% less than that of R22 at
Tsol ¼ 20 �C, while the R407C DX evaporator generates approxi-
mately 29%, 22% and 14% less superheating than that of R22,
respectively at Tsol ¼ 13 �C, Tsol ¼ 15 �C and Tsol ¼ 20 C. Between
evaporators R410A and R407C DX, the results (Table 6) obtained
indicate that the R410A DX evaporator produces superheating
about 20%, 26% and 15% more than that of R407C, respectively at
Tsol ¼ 13 �C, Tsol ¼ 15 �C and Tsol ¼ 20 �C.

Fig. 13 represents the variation of the heat extraction rate from
the ground for each of three refrigerants and for the different soil
temperatures. According to the simulation results, it can be noted
that when the soil temperature increases, the HER also increases.
Table 4
Cooling of the grout versus refrigerant flow rate.

Refrigerant Grout cooling ( C)

Refrigerant flow rate (kgs�1)

0.015 0.020 0.025 0.030

R22 1.62 2.16 2.37 1.99
R407C 1.61 2.17 2.67 3.0
R410A 1.70 2.22 2.64 3.15
The R410A DX evaporator seems to have a performance extraction
relatively better than that of R22 and R407C. However, comparing
the three evaporators for each soil temperature, it can be clearly
seen that, for temperatures above 10 �C, the performance of the
R407C DX is close to that of R22, and that it would be an excellent
retrofit fluid in DX heat pump applications. The values obtained at
the end of the simulation for different soil temperatures (Table 6)
allow us to conclude that when the phase change is completed, the
HER is not really a function of the type of refrigerant because the
deviation between the HER values obtained is relatively low. The
HER averages are 45.6 Wm�1 at Tsol ¼ 13 �C, 46.3 Wm�1 at
Tsol ¼ 15 �C and 48.2Wm�1 at Tsol ¼ 20 �C with standard deviations
of 1.04, 0.6 and 1.8 respectively. As in the previous case, these values
are compatible with the HER values recommended for the design
proposed by Percebois and the European standard EN 15450
Heating System in Buildings-Design cited above.
5. Conclusion

This study aimed to assess the thermal performance of an R410A
and R407C DX evaporator compared to that of R22, which as we
know, will be soon eliminated, and to determine what offers the
best performance as an R22 replacement in DX heat pumps. At the
Table 5
Heat extraction rate from the ground.

Refrigerant Heat extraction rate (W m�1)

Refrigerant flow rate (kg s�1)

0.015 0.020 0.025 0.030

R22 35 46 48 42
R407C 35 46 55 60
R410A 36 47 53 61



Table 6
Evaporation distance, superheating comparison and heat extraction rate.

Tsol (�C) Refrigerant de (m) Superheating (�C) HER (Wm�1)

10 R22 62 3.4 43.0
R407C Not completed No superheating 38.5
R410A Not completed No superheating 33.0

13 R22 48 6.25 45.0
R407C 59 4.41 45.0
R410A 70 5.30 46.8

15 R22 42 8.21 46.0
R407C 50 6.40 46.0
R410A 58 8.10 47.0

20 R22 32 13.10 47.0
R407C 38 11.30 47.3
R410A 38 13.00 50.2
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end of this investigation, the three simulated cases allow allowed
the following conclusions:

� At the same inlet temperature, inlet vapor quality and low DX
evaporator refrigerant flow rate:
✓ Superheating obtained with R22 and R410A remains similar.
✓ Superheating observed with R407C is acceptable for the

proper operation of DX GHP, is but still lower than that ob-
tained for R22 and R410A.

✓ The pressure drop in R22 DX evaporators is higher than those
in R407C and R410A.

✓ The pressure drop in R407C DX evaporators is higher than
that of R410A.

� Increasing the refrigerant flow rate in the evaporator leads to an
increase in the evaporation distance to the three evaporators,
and in the possibility of obtaining a liquid at the outlet of the
R22 DX evaporator at a high flow rate. The heat extraction rate
from the ground remains similar at a given refrigerant flow rate
for R410A and R407C.

� When the soil temperature increases, the HER also increases,
and does not really depend to the type of refrigerant at a given
soil temperature.

Considering similar results between R22 and R410A at low
refrigerant flow rates, we can conclude that the R410A can replace
R22 in DX heat pumps. However, in this case, the compressor will
be resizing to overcome the high discharge pressure. In any case, for
the pressure drop observed and recorded superheating in the
R407C evaporator compared to those of R22, it can be concluded
that R407C is the best fluid for retrofitting R22 systems in the DX
GHP. R410A will be very interesting for resized new systems. In all
cases, R410A or R407C, optimization efforts are needed to find
trade-offs needing to be made between the refrigerant flow rate,
the length of the DX heat exchanger, superheating, and pressure
drop coupled with experimental studies to develop a more efficient
and economical DX systems.
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