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Abstract: This work presents the experimental evaluation of energy consumption and refrigerant
charge reduction when a commercial direct expansion refrigeration system is converted into
an indirect system. The evaluation (with R-134a and R-507A) used a commercial cabinet with doors
for medium temperature and a single-stage refrigeration cycle using a semi-hermetic compressor and
electronic expansion valve; 24-h energy consumption tests were performed at laboratory conditions
for each refrigerant and configuration at three heat rejection levels (23.3, 32.8 and 43.6 ◦C), maintaining
an average product temperature inside the cabinet of 2 ◦C. The work analyses the impact of the
conversion on temperature and pressure indicators, as well as, in the energy performance of each
element. For R-134a the refrigerant charge was reduced in a 42.9%, but the energy consumption
rose by 22.0%–22.8%; for R-507A the charge reduction was of 32.8% with an increase in energy
consumption of between 27.7% and 38.7%.

Keywords: R-134a; R-507A; indirect system; commercial refrigeration; energy analysis

1. Introduction

The 28th Meeting of the Parties to the Montreal Protocol adopted the Kigali Amendment on
hydrofluorocarbons (HFC), now included in the Montreal Protocol [1]. This historic agreement aims
to reduce the use and production of HFC worldwide, with the goal being to reduce HFC emissions
by over 80 billion tonnes of carbon dioxide equivalent (CO2,e) by 2050. Kigali Amendment has fixed
a phase-down schedule based on overall CO2,e emissions, which is thus dependent on the GWP
of each substance. This agreement follows the same action line as the F-Gas Regulation adopted
in Europe [2], which has limited the GWP value of the substances that could be used in different
refrigeration applications according to different time lines. Referring to commercial refrigeration,
the most important restrictions and limitations are: a GWP limit of 2500 for stationary equipment from
2020 on and the limit of GWP of 150 for multipack centralised refrigeration systems with rated capacity
of more than 40 kW from 2022 on, except for the primary circuits of cascade systems, which GWP
limit has been fixed in 1500. Another important aspect is the recharge limit with refrigerant of GWP
higher than 2500, which has been fixed at 40 tonnes CO2,e (10.15 kg of R-404A, 10.03 kg of R-507A).
Those restrictions and agreements are facilitating the transition towards more environmentally friendly
solutions based on natural working fluids [3] and the development of more efficient refrigeration
solutions [4].

We focus on centralized commercial refrigeration systems with multiplexed direct expansion
systems as they make the largest direct contribution to global warming because of their large refrigerant
charge (300 to 3000 kg [5]) and high annual leakage rate (between 15% and 25% [6]). In addition, most of
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them still rely on high GWP refrigerants, such as R-404A (GWP = 3922), R-507A (GWP = 3985) and
R-134a (GWP = 1430). According to Palm [7], Melinder [8] and Wang [9], the use of indirect systems
instead of direct expansion systems can reduce the total refrigerant charge by approximately 90%.
The indirect configuration avoids refrigerant leakage through the distribution lines and services and
reduces the overall annual leakage ratio since the refrigerant is contained inside the machinery room.
However, indirect systems usually introduce an increment in the energy consumption of the system,
caused by the extra temperature difference in the additional heat exchanger between the refrigerant
and the secondary fluid and the energy consumption of the secondary pump. Nonetheless, this last
effect could be minimized by a correct design of the indirect system, since by introducing a secondary
loop the large pressure drops of the refrigerant through the distribution lines are avoided.

Several researchers analysed through simulation the performance of indirect systems regarding
multiplexed direct expansion systems. Clodic et al. [10] simulated, using field data, a French
supermarket of 10,000 m2 sales area with an R-404A primary system and propylene-glycol/water for
MT and Tyfoxit for LT against a parallel R-404A multiplexed direct expansion system. They pointed
out that the introduction of the secondary loops introduced 6 K at MT and 7 K at LT evaporating
temperature drops, which resulted in a 33.7% increase in the system energy consumption regarding
the direct expansion system. For this system, the refrigerant charge reduction was 56%. Horton [11]
contrasted an R22 multiplexed direct expansion system with an indirect ammonia–HFE 7100 indirect
system, quantifying the reduction in energy consumption at 15%. Recently, Arias [12], also simulating
using field data, contrasted a multiplexed R-404A direct expansion system of a 2700 m2 supermarket
against a similar system using indirect loops, with propylene–glycol/water at 35% vol. for MT and
with CO2 for the LT. He estimated that the conversion to an indirect solution would avoid 90% of
refrigerant charge but would incur a 3% increment in energy consumption. He also performed an
estimation of the total emissions of the system to the atmosphere. For the case of Sweden, for an
indirect emission factor of 0.04 kg·CO2·kWh−1 emissions would be reduced by 74.0%, but considering
the average indirect emission factor for Europe (0.51 kg·CO2·kWh−1) the cut would be only 20.7% due
to the increment of energy consumption of the indirect solution. Finally, Beshr et al. [13] simulated
an R-404A multiplexed direct expansion system for MT and LT, the same system with N40A as the
main refrigerant and a split system with N40 in direct expansion for LT and L40 with a loop of
propylene–glycol/water mixture for MT. The use of the indirect solution, under a scenario of annual
leakage rate of 10%, resulted in an 89% reduction of direct emissions regarding the R-404A system and
of 65% using N40. They stated that the indirect solution would offer a good balance between indirect
emissions and energy consumption for cold climates, with an average annual leakage rate of 10%, and
for all climates if the annual leakage rate were 2% or below [13].

Regarding experimental comparisons, few research works have been found in the literature,
mainly because of the cost and complexity of experimentation. You [14] analysed an experimental
R-404A direct expansion system against an R-404A with a subcooler indirect system using Temper 40®

as the secondary fluid. The system allowed for 88% charge reduction and 16.6% energy consumption
reduction, but it must be highlighted that the primary system was different because the indirect
solution incorporated a subcooling system. In addition, those systems operated with electric defrosting,
measuring similar energy consumption in both solutions. Faramarzi and Walker [15] presented the
results of performance of a 3900 m2 supermarket using an R-507A multiplexed direct expansion
system against the same primary plant but with secondary fluid loops for MT and LT. In that plant,
in which heat rejection was performed with an evaporative condenser, they measured a 4.9% energy
consumption reduction with only 10% of refrigerant charge. They highlighted that the indirect solution
could not be compatible with hot gas defrosting as electrical resistors were needed. Sánchez et al. [16],
under laboratory conditions, evaluated the energy impact of an R-134a/CO2 direct cascade system
against an R-134a-SF/CO2 indirect cascade system. They measured an energy consumption increment
between 7.6% and 14.0% when using a MT secondary loop with a propylene–glycol/water mixture
and between −0.3% and 11.1% when using Temper −20®. The other experimental works devoted to
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commercial indirect systems only focused on the performance of the system and not on the energy
impact against a multiplexed solution [17–21].

As can be observed from the literature review, indirect system solutions always offer large
reductions in refrigerant charge and thus direct emissions; however, depending on the system,
the energy impact can be positive or negative. A possible way to adapt multiplexed direct expansion
systems to the F-Gas Regulation is to reconvert those systems into indirect solutions; however, it is not
clear what the real impact would be. Accordingly, this work aims to provide accurate information
about the conversion process from a direct to an indirect system using the most used refrigerants in
existing plants and to establish a reference to evaluate different options to adapt commercial systems
to the new regulations. Here, the experimental results of conversion of an R-134a and R-507A direct
expansion system to an R-134a-SF and R-507A-SF refrigeration system for MT application are presented.
Results concerning R-507A are expected to be representative of R-404A as well, since both mixtures
present similar properties [22]. The experimentation, performed under laboratory conditions, covered
three heat rejection levels covering the most common heat rejection range of these systems.

The paper is organised as follows: first, the experimental and measurement system is
described, as well as the test methodology. Second, the main operating parameters of the
system (temperatures, pressures, operating time and energy consumption) during the tests are
analysed. Finally, the refrigerant charge reduction achieved with the conversion is presented.

2. Experimental Set-Up and Test Methodology

This section describes the experimental set-up and test methodology used to evaluate the energy
performance of a commercial direct expansion system against the indirect solution.

2.1. Experimental Plant

The experimental system used to evaluate the configurations is schematized in Figure 1 for the
direct expansion configuration and in Figure 2 for the indirect arrangement.
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Figure 1. Schematic diagram of direct expansion refrigeration system.

The cycle, the same for both layouts, corresponds to a single-stage vapour compression system
driven by a semi-hermetic compressor of 6.51 m3·h−1 displacement at 1450 rpm, a brazed plate
condenser and a liquid receiver. The condenser, whose characteristics are detailed in Table 1, is cooled
with an external loop working with water that allows for controlling the volumetric flow rate and
inlet temperature as described in [23]. For the direct configuration (Figure 1), the refrigerant is sent
through a 3/8” 13.6 m liquid line to a commercial cabinet with doors (1875 mm long, 2071 mm height
and 890 mm width). The cabinet, with a 1700 W rated cooling load at 25 ◦C and 50% HR, incorporates
a controller that regulates the electronic expansion valve, whose superheating set point was set at 5 K.
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The evaporator of the cabinet for the direct expansion configuration is the commercial finned-tube
evaporator used by the cabinet’s manufacturer, whose characteristics are detailed in Table 1. Then the
refrigerant is suctioned through a 1/2” 13.4 m vapour line. In the indirect configuration (Figure 2),
the refrigerant evaporates in a brazed plate heat exchanger (Table 1) controlled by another electronic
expansion valve maintaining a degree of superheat of 5 K. This evaporator cools the secondary loop,
working with Temper −20®, which is then sent to the cabinet. The heat exchanger in the cabinet
is another finned-tube heat exchanger (Table 1), again the commercial heat exchanger used by the
cabinet’s manufacturer. The SF is driven by a water pump (Wilo Yonos PICO-STG-15/1–13) with
incorporated inverted with a nominal power of 74 W at 4800 rpm.
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Table 1. Technical data of heat exchangers.

Heat Exchanger Type Model Heat Transfer
Area (m2)

Ref. Side
Volume (m3)

SF Side
Volume (m3)

Condenser brazed plate B25-THx40 2.39 (Ref. side) 0.002166 0.00228

Secondary fluid
heat exchanger brazed plate B8THx20 0.414 (Ref. side) 0.000351 0.00039

Cabinet evaporator finned-tube 1520 length, 5/8” tube, 3 circuits
(13.13 m, 13.09 m, 13.13 m) 1.765 (Ref. side) 0.0078 -

Cabinet SF HX finned-tube 1520 length, 5/8” tube, 3 circuits
(13.13 m, 13.09 m, 13.13 m) 1.765 (SF side) - 0.0078

For both configurations, the evaporator fans of the cabinet (three in total) were in continuous
operation. The controller of the cabinet regulates the operation of the cooling devices through the air
temperature measurement at the return to the heat exchanger of the cabinet according to the set point.
For the direct configuration, this controller regulates the expansion valve of the cabinet and, for the
indirect configuration, regulates the expansion valve of the brazed plate evaporator. The controller of
the cabinet performs defrosting every eight hours through 2000 W electrical resistors. The defrosting
period ends when the temperature at the evaporator fin surface reaches 5 ◦C. During defrosting, for the
direct configuration the expansion valve of the evaporator is forced to close, and for the indirect,
the expansion valve of the brazed plate heat exchanger and the secondary fluid pump are closed.

2.2. Measurement System and Uncertainties

The plant is fully instrumented to be able to measure the main energy parameters of operation.
The measurement devices and their uncertainty are detailed in Table 2. The refrigeration cycle
incorporates eight T-type thermocouples, three pressure gauges, one Coriolis mass flow meter,
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a volumetric flow meter and a digital wattmeter. The cabinet incorporates five M-test packages
according to ISO 15502 for measuring the product temperature, two T-type thermocouples to
measure the impulsion and return temperatures of inside air to the heat exchanger, one combined
humidity-temperature sensor and a digital wattmeter. For the operation with direct expansion,
two pressure gauges and two T-type thermocouples are placed at the inlet of the cabinet, and for
the indirect arrangement, two additional immersion T-type thermocouples are used to measure the
secondary fluid temperature in the cabinet heat exchanger and two at the brazed plate heat exchanger.
The cabinet is placed inside a climatic chamber, having another combined humidity-temperature
sensor. All sensors are gathered using two cRIO-9074 data acquisition systems.

Table 2. Number of sensor elements and uncertainties.

Temperature Pressure Mass
Flow Rate

Volumetric
Flow Rate

Power
Consumption

Relative
Humidity

Test
Package

DX refrigeration cycle 8 3 1 1 1 - -
DX Cabinet 4 2 - - 1 1 5

SF refrigeration cycle 10 3 1 2 2 - -
SF Cabinet 4 - - - 1 1 5

Climatic chamber 1 - - - - 1 -
Others 1 - - - - - -

Uncertainty ±0.5 K ±0.3% ±0.1% ±0.33% ±0.5% ±2% ±0.5 K

2.3. Test Methodology

The systems were evaluated using 24-h energy consumption tests using a similar procedure as
described by Sánchez et al. [16]. The tests considered stable operation of the systems when the average
product temperature inside the cabinet was of 2 ◦C. The energy evaluation was performed for three
water dissipation temperatures in the condenser, they established using a constant dissipation water
flow rate of 1 m3·h−1 and 23.3, 32.8 and 43.6 ◦C inlet temperatures, thus covering a wide range of
operating conditions.

To perform the test, the climatic chamber was maintained at 25 ◦C and 55% of relative humidity
and the compressor was operated at its nominal speed (1450 rpm) using ON/OFF control strategy with
the pressure switches of the plant. The pressure switches were adjusted to obtain a low-cut temperature
of −25.0 ◦C and a cut-in temperature of −4.5 ◦C. Superheating degrees of the expansion valves were
set at 5 K. For each test condition, the set point of the cabinet was adjusted to obtain an average product
temperature of 2 ◦C (arithmetic mean of temperature of the five M-test packages). The cabinet set point
temperature varied from 0.9 to 1.1 ◦C. Figure 3 illustrates the main operating temperatures for the
direct expansion configuration using R-134a at an inlet water temperature to the condenser of 43.6 ◦C,
and Figure 4 for the equivalent in the indirect arrangement. Operation of the compressor, described
using black dots in Figures 3 and 4, is as follows: at point (1), the expansion valve of the cabinet
opens to fill the evaporator with refrigerant (the cabinet air inner temperature has reached set point
temperature +1 K). At point (2), low pressure reaches cut-in temperature (−4.5 ◦C, 2.48 bar for R-134a)
and activates the compressor. At point (3), the expansion valve of the cabinet closes (the cabinet air
inner temperature has reached set point temperature −1 K). At point (4), low pressure reaches cut-off
temperature (−25 ◦C, 1.06 bar for R-134a). With direct expansion, the compressor starts only once
in each period; however, with indirect configuration the compressor starts two additional times in
each period, because the volume of the suction is short (see Section 4). Defrosting of the cabinet’s
evaporator has been highlighted with two white dots, at the start and end of the period. Defrosting is
set every eight hours, so it is randomly associated with the behaviour of the plant. However, it always
ends when the air impulsion temperature (the air at the exit of the evaporator) reaches 5 ◦C.

The order of the tests was: first, direct expansion with R-134a and then with R-507A, followed by
indirect configuration, first with R-134a and then with R-507A. For the evaluation only Temper −20®

was used as a secondary fluid, since it offers better performance than other fluids, as presented by
Sanchez et al. [16].
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3. Energy Consumption Tests

To evaluate the behaviour of the plant with the different refrigeration systems, 24-h energy tests
were performed. The references for the tests were the average temperature of the M-test packages
inside the cabinet, which was set to 2 ◦C, and the water inlet temperature to the condenser to perform
heat rejection, which was set to 23.3, 32.8 and 43.6 ◦C with a constant volumetric flow rate of 1 m3·h−1,
covering a wide range of operating conditions.

Table 3 summarizes the test conditions and the main reference parameters during the 24-h tests.
Deviations during the test represent the standard deviations of the parameters.
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Table 3. Reference parameters of the evaluation during 24-h tests.

R-134a R-507A R-134a-SF R-507A-SF

Parameter Tw,in =
23.3 ◦C

Tw,in =
32.8 ◦C

Tw,in =
43.6 ◦C

Tw,in =
23.3 ◦C

Tw,in =
32.8 ◦C

Tw,in =
43.6 ◦C

Tw,in =
23.3 ◦C

Tw,in =
32.8 ◦C

Tw,in =
43.6 ◦C

Tw,in =
23.3 ◦C

Tw,in =
32.8 ◦C

Tw,in =
43.6 ◦C

Average water inlet
temperature (◦C) 23.2 32.7 43.6 23.1 32.8 43.7 23.4 32.7 43.6 23.3 32.9 43.6

Deviation during test 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2

Average water outlet
temperature (comp. ON) (◦C) 25.2 34.5 45.1 25.9 35.4 45.9 25.5 34.4 45.1 26.3 35.6 45.8

Average product
temperature (◦C) 2.1 2.1 2.1 2.0 2.0 2.1 2.1 2.0 2.0 2.0 1.9 2.0

Deviation during test 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Average climatic chamber
temperature (◦C) 24.8 25.1 24.8 24.8 24.9 24.9 24.8 24.8 24.8 24.7 24.8 24.8

Deviation during test 0.8 0.9 0.8 0.8 0.8 0.8 0.8 0.8 0.7 0.8 0.8 0.8

Average climatic
chamber HR (%) 55.1 53.9 54.5 54.1 54.1 54.2 54.6 53.8 54.4 55.8 55.6 55.6

Deviation during test 6.0 6.3 6.0 6.1 6.1 6.1 5.4 5.7 5.4 5.8 6.0 6.2

Environment
temperature (◦C) 19.5 19.3 19.0 18.6 18.6 18.6 21.2 17.5 19.7 20.3 19.4 19.3

Deviation during test 0.6 1.3 1.1 1.3 1.3 1.1 2.1 1.2 1.2 2.0 2.0 1.6

Average degree of superheat in
evaporator (Valve ON) (◦C) 12.6 9.7 6.5 19.3 16.7 13.5 9.2 9.0 8.3 10.0 9.7 9.3
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3.1. Temperature Indicators

Figure 5 shows the average values of condensing and evaporating temperatures during 24-h
test for both system layouts operating with R-134a and R-507A (the figure inside the bars gives
the exact value). Condensing temperature is calculated using compressor’s pressure discharge
measurement and a vapour title of 50%, according to Equation (1) [24], only when the compressor
was in operation. The evaporating level is averaged during the 24 h using the pressure at the exit of
the evaporator of the cabinet in the case of the direct expansion configuration and using compressor
suction pressure measurement for the indirect layout. Evaporation temperature is computed with
Equation (2) using the indicated pressure measurements and the mean enthalpy in the evaporator [24].
The thermophysical properties of the refrigerants are evaluated using Refprop 9.1 [25].
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TK = f (Pdis, Xv = 50%) (1)

TO = f
(

PO,out, h =
hO,in + hv,Po,out

2

)
(2)

Regarding the condensing level, no significant differences were observed among the system
layouts and both refrigerants, being the maximum difference below 0.5 K. Regarding the evaporating
temperature during the tests, some differences were observed. When going from a direct system to
an indirect using R-134a as refrigerant, there is a reduction in the evaporating level, only from water
inlet temperatures from 32.8 ◦C on. For 32.8 ◦C, the measured reduction was by 0.6 K, and for 43.6 ◦C
by 2.3 K. However, the impact of the conversion is stronger when operating with R-507A. The reduction
of the evaporating level when going to an indirect system was of 2.9 K at 23.3 ◦C, similar at 32.8 ◦C
and of 1.9 K at 43.6 ◦C. Additionally, it must be mentioned that this reduction in the evaporating level
is weakened by the behaviour improvement of the expansion valve when it operates with the indirect
layout (brazed plate evaporator) instead of the direct arrangement (evaporator of the cabinet), reaching
average superheat values in the evaporator during the 24 h lower (Table 3).
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Referring to the working temperatures in the cabinet, Figure 6 presents average values during
24 h of average product temperature (five samples), air return temperature to the heat exchanger of the
cabinet, air impulsion at the air distribution port of the cabinet, the average temperature in the cabinet’s
heat exchanger and the evaporating level. As can be observed, the operation, using a direct or indirect
system, with both refrigerants has no influence on the air and product temperatures in the cabinet,
since the product, air return and air impulsion temperatures are equivalent. The difference between
the system layouts is observed in the working temperatures of the heat exchanger and the evaporating
level. When using a direct expansion system, the cabinet’s heat exchanger temperature corresponds
to the evaporating temperature (equal in the graph); however, when using an indirect system, the
average working temperature of the heat exchanger of the cabinet (SF heat exchanger) largely differs
from the evaporating level. For both refrigerants, the average temperature of the secondary fluid in
the cabinet heat exchanger is −2.0 ± 0.3 ◦C. The differences between average temperature in the SF
heat exchanger and the evaporating temperature are of 12.9 K, 12.8 K and 12.7 K when using R-134a,
and of 21.3 K, 17.4 and 16.1 K when using R-507A.
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The impact of the indirect system on the working temperatures is summarized in Figure 7,
which shows the average temperature difference between the air at the return port to the cabinet
heat exchanger and the evaporating temperature (Equation (3)) and between the product and the
evaporating temperature (Equation (4)):

∆Tair = Tair,return − TO (3)

∆Tp = Tp − TO (4)

The use of an indirect layout instead of a direct expansion system provokes an increment of these
temperature differences. Taking as reference the maximum temperature difference driving the heat
transfer processes (product minus return air temperatures), the increments are of 0.5 K at 23.3 ◦C,
0.6 K at 32.8 ◦C and 2.2 K at 43.6 ◦C for R-134a, and of 2.9 K at 23.3 ◦C, −0.2 K at 32.8 ◦C and 1.8 K
at 43.6 ◦C for R-507A. Obviously, the increment of the temperature difference driving heat transfer
processes when going to an indirect layout will influence the energy consumption of the system,
which is detailed in the next subsection.
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3.2. Energy Indicators

Energy consumption is the relation between the operating time and the average power
consumption of the elements. Figure 8 details the percentage of operating time during the 24-h tests
of compressor and expansion valve for each layout for both refrigerants. The most significant effect
than has been measured for both refrigerants is that the compressor operation fraction increases when
using an indirect system. For this evaluation, the measured increment in compressor’s operation time
has been between 17.8% and 20.7% for R-134a and between 6.2% and 11.8% for R-507A. The reason for
this increment is that the amount of refrigerant contained in the distribution lines (liquid and vapour)
and in the cabinet’s evaporator when using a direct expansion system is higher than when using an
indirect system. In the direct expansion configuration, the amount of refrigerant contained in the
system is higher, so the evaporation pressure rises slowly until the compressor is activated again.
On the contrary, when using the indirect system, the amount of refrigerant contained in the secondary
fluid heat exchanger is low, and therefore the low pressure increases rapidly and the compressor is
activated more frequently. This effect can be observed by contrasting the evaporating temperatures in
Figure 3 (direct expansion) and in Figure 4 (indirect expansion). It can be observed that the compressor
enters into operation more frequently. Another important effect observed in Figure 8 is that the
operation time of expansion valve and compressor are decoupled when using a direct expansion
system, again due to the amount of refrigerant contained in the distribution lines and in the cabinet’s
evaporator, but they are coupled when using an indirect system.

Figure 9 details the average power consumption of compressor (when it is in operation), of cabinet
(including the three defrosting periods) and of secondary fluid pump during the 24-h tests. As can be
observed, both the cabinet’s and the compressor’s power consumption remain practically constant for
both refrigerants in direct expansion or indirect system. The maximum variation for R-134a is of 2%
for the operation at 43.6 ◦C and of 5% for R-507A at 43.6 ◦C. Regarding the power consumption of
the secondary fluid pump, it remains at a closer value, being negligible in relation to the compressor
and cabinet.
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Finally, to compare the direct expansion and indirect configurations from an energy point of view,
the energy consumption (kWh) of each element has been calculated from the power consumption
measurements and operating time according to Equation (5) using a trapezoid integration method.
In Equation (5), ‘i’ represents each energy consumer, ‘PC’ its power consumption and ‘j’ each sampled
data. The expression is evaluated during the 24-h test.

Ei =
1

36 × 105 ·
∫ 24h

0
PC,i(t)·dt =

1
36 × 105 ·

24h

∑
j=1

{[
PC,i(j) + PC,i(j − 1)

2

]
·[t(j)− t(j − 1)]

}
(5)



Appl. Sci. 2018, 8, 247 12 of 17

The results are detailed in Figure 10. Concerning cabinet’s energy consumption, no appreciable
differences have been measured between the layout configurations and between both refrigerants.
That indicates that the defrosting times are equivalent for both arrangements. In fact, the maximum
deviation of defrosting times has been below 1 min for both refrigerants and both system layouts.
Regarding the compressor’s power consumption, an important increment in its energy consumption
has been measured when going from a direct to an indirect system, the main reason being the
longer time that the compressor is in operation (Figure 8). As can be observed, the increments in the
compressor’s power consumption are most significant when operating with R-507A rather than with
R-134a. Finally, regarding the secondary fluid pump power consumption, it remains invariable for all
test conditions and refrigerants. It is important to note that its power consumption is insignificant in
relation to the compressor and cabinet, but in larger systems this energy consumption could be larger.
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Finally, to contrast the energy effect of conversion of a direct expansion system to an indirect
one, Figure 11 represents the overall increment on energy consumption of the system for the three
heat rejection levels. It includes the energy consumption of cabinet, compressor and secondary fluid
pump during the 24-h test. As it can be observed, there is always a significant increment on the energy
consumption when going to an indirect configuration, being it more significant when using R-507A as
refrigerant. In this evaluation, the increments on energy consumption of the conversion for R-134a
are of 22.0% at 23.3 ◦C, 22.1% at 32.8 ◦C and 22.8% at 43.6 ◦C when using R-134a, and of 27.7% at
23.3 ◦C, 30.6% at 32.8 ◦C and 38.7% at 43.6 ◦C when operating with R-507A. The increment on energy
consumption for R-134a remains practically constant in a 22%, but for R-507A the increment in energy
consumption is higher as higher the heat rejection level is.
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4. Refrigerant Charge Reduction

As mentioned, the conversion of a direct expansion system to an indirect layout allows a large
reduction in the refrigerant charge in the plant [7,9], thus helping reduce the direct impact of the
refrigeration since leakages mainly occur in the distribution line fittings or in the evaporator of the cabinets.

To evaluate the refrigerant charge reduction that allows the conversion in the experimental plant
used in this work, the highest heat rejection level (Tw,in = 43.6 ◦C) has been considered as a reference.
The experimental refrigerant charges using the direct expansion system configuration for that condition
were of 5.41 kg with R-134a and of 6.51 kg with R-507A. These refrigerant charges were the minimum
that guaranteed the outlet line of the receiver would be filled with liquid refrigerant.

The refrigerant charge reduction that allows the system conversion can be evaluated using
Equation (6). This equation evaluates the refrigerant charge reduction considering the refrigerant in the
liquid and vapour distribution lines, and in the direct expansion evaporator of the cabinet. The average
condensing and evaporating pressures (Figure 5) and average outlet temperatures of condenser and
evaporators (cabinet evaporator or SF evaporator) have been used to obtain the refrigerant density
along the liquid and vapour lines. To compute the refrigerant charge in the evaporators, a mean void
fraction of 85% has been considered, as recommended by Wedekind et al. [26].

∆Mre f = Mliquid line, DX + Mvapour line, DX + Mevaporator, DX − Mevaporator, SF (6)

Table 4 summarizes the inner volumes of distribution lines and evaporators, as well as the
refrigerant charge contained in those elements when operating with R-134a or R-507A. As can be
seen, the major proportion of refrigerant is contained in the direct expansion evaporator and in
the liquid distribution line. Finally, Figure 12 illustrates the refrigerant charge reduction obtained
in the experimental plant when going from a direct to an indirect system. The main reduction
occurs in the evaporator for both refrigerants, due to the large volume of this element in commercial
cabinets, followed by the liquid distribution line. The reduction due to the vapour distribution line is
insignificant. It needs to be mentioned that the refrigerant charge reduction in the liquid line in a large
multiplexed refrigeration system would be larger due to the large distribution system.

In this case, taking as a reference the initial refrigerant charges of the plant, the conversion of this
system to an indirect one allows a 42.9% refrigerant charge reduction when using R-134a as refrigerant



Appl. Sci. 2018, 8, 247 14 of 17

and 32.8% with R-507A. It is important to highlight that the refrigerant charge reduction in a larger
system would be higher.

Table 4. Volumes, refrigerant charge and charge reduction in the experimental plant.

Refrigerant Charge (kg)

Element Volume (m3) R-134a R-507A

Liquid line 0.00067 0.761 0.636
Vapour line 0.00130 0.011 0.023

DX evaporator 0.00780 1.622 1.547
SF evaporator 0.00035 0.073 0.070

Refrigerant charge DX 5.41 6.51
Charge reduction 2.32 2.14

Charge reduction (%) 42.9 32.8
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5. Conclusions

This work analyses the energy impact of converting an R-134a or R-507A direct expansion
refrigeration system to an indirect one using a medium temperature cabinet for fresh product. Systems
were tested under laboratory conditions at a product temperature in the commercial cabinet of 2 ◦C
at three water inlet dissipation temperatures (23.3, 32.8 and 43.6 ◦C), thus covering the common
conditions of a supermarket. The experimental evaluation covered 24-h energy consumption tests.

From the experimental evaluation, it has been concluded that conversion to an indirect system
provokes a reduction in the evaporating level to compensate for the additional heat transfer in the
secondary fluid heat exchanger. This temperature reduction varies from 0.0 to 2.3 K for R-134a and
from 0.0 to 2.9 K for R-507A. It has also been verified that the expansion valves operate with a reduced
average degree of superheat in the indirect layout.

With respect to the working temperatures in the cabinet, both systems operated in a similar way,
with the only exception being the average temperature of the heat exchanger of the cabinet. The use
of the secondary fluid heat exchanger allowed for increasing the average temperature of this heat
exchanger from 12.7 to 12.9 K with R-134a and from 16.1 to 21.3 K with R-507A. This temperature
increment could have an influence on the defrosting periods; however, no appreciable differences were
found in the experiment.
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Regarding the energy evaluation during the 24-h tests, no appreciable differences were found in
the average power consumption of cabinet and compressor between the two system layouts; however,
large increments were measured in the operation time of the compressor. For R-134a it increased
between 17.8% and 20.7% and for R-507A between 6.2% and 11.8%. That resulted in an overall
increment in the energy consumption of the system when moving to an indirect configuration, varying
between 22.0% and 22.8% for R-134a and between 27.7% and 38.7% for R-507A.

Finally, the experimental refrigerant charge reduction of the conversion of this system to
an indirect layout was 42.9% for R-134a and 32.8% for R-507A.

Accordingly, it can be concluded that the conversion from a direct expansion system to an indirect
configuration will reduce to a large extent the refrigerant charge of the system; however, the energy
impact of using a secondary fluid indirect system is large, and therefore both aspects must be taken
into consideration when proposing the conversion.
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Nomenclature

DX direct expansion configuration
E energy consumption (kW·h)
GWP global warming potential, 100 years horizon (According to 4AR)
h specific enthalpy (kJ/kg)
HR relative humidity (%)
LT low temperature level
M mass flow rate (kg/s), refrigerant charge (kg)
MT medium temperature level
P pressure (bar)
PC power consumption (W)
SF secondary fluid, secondary fluid configuration
t time (s)
T temperature (◦C)
TP temperature of M-test package (◦C)
V volumetric flow rate (m3/h)
W digital wattmeter
xv vapour title
Greek Symbols
∆ increment
Subscripts
air, return air conditions at the inlet of the cabinet heat exchanger
dis discharge
evaporator inside the evaporator
K condensing level
liquid, line inside the distribution liquid line between plant and cabinet
O evaporating level, evaporator
out outlet
p product
Vapour, line inside the return vapour line between cabinet and plant
w, in water inlet conditions to the condenser
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