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Preface to "Refrigeration, Air Conditioning
and Heat Pumps”

Refrigeration, air conditioning, and heat pumps (RACHP) have an important impact on the
final energy uses of many sectors of modern society, such as residential, commercial, industrial,
transport, and automotive. Moreover, RACHP also have an important environmental impact due to
the working fluids that deplete the stratospheric ozone layer, which are being phased out according
to the Montreal Protocol (1989). Last, but not least, high global working potential (GWP), working
fluids (directly), and energy consumption (indirectly) are responsible for a non-negligible quota
of greenhouse gas (GHG) emissions in the atmosphere, thus impacting climate change. To cope
with this aspect, the Kigali Amendment of the Montreal Protocol (2016) has begun a phase down
procedure for HFCs to be completed by the mid-21st century. All of these issues will pose great
challenges to the RACHP industry over the next few decades, such as the search for new working
fluids, ability to substitute high GWP HFCs, the safety aspects associated with the mostly flammable
alternatives to high GWP HFCs, the expected growth of air conditioning in developing countries,
and the subsequent increase in GHG emissions. The common ground for all of these challenges is that
the energy efficiency of components and systems has to increase in order to keep energy consumption
and GHG emissions associated with RACHP under control.

Fabio Polonara
Editor
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Abstract: In the European Union (EU), buildings are responsible for about 40% of the total final energy
consumption, and 36% of the European global CO, emissions. The European Commission released
directives to push for the enhancement of the buildings energy performance and identified, beside the
retrofit of the current building stock, Heating, Ventilation, and Air Conditioning (HVAC) systems as the
other main way to increase renewable energy sharing and overall building energy efficiency. For this
purpose, Ground Source Heat Pumps (GSHPs) represent one of the most interesting technologies to
provide energy for heating, cooling, and domestic water production in residential applications, ensuring
a significant reduction (e.g., up to 44% compared with air-source heat pumps) of energy consumption and
the corresponding emissions. At present, GSHPs mainly employ the refrigerant R410A as the working
fluid, which has a Global Warming Potential (GWP) of 2087. However, following the EU Regulation
No. 517/2014 on fluorinated greenhouse gases, this high GWP refrigerant will have to be substituted for
residential applications in the next years. Thus, to increase the sustainability of GSHPs, it is necessary
to identify short time alternative fluids with lower GWP, before finding medium-long term solutions
characterized by very low GWP. This is one of the tasks of the UE project "Most Easy, Efficient, and
Low-Cost Geothermal Systems for Retrofitting Civil and Historical Buildings" (acronym GEO4CIVHIC).
Here, a thorough thermodynamic analysis, based on both energy and exergy analysis, will be presented
to perform a comparison between different fluids as substitutes for R410A, considered as the benchmark
for GSHP applications. These fluids have been selected considering their lower flammability with
respect to hydrocarbons (mainly R290), that is one of the main concerns for the companies. A parametric
analysis has been performed, for a reversible GSHP cycle, at various heat source and sink conditions,
with the aim to identify the fluid giving the best energetic performance and to evaluate the distribution
of the irreversibilities along the cycle. Considering all these factors, R454B turned out to be the most
suitable fluid to use in a ground source heat pump, working at given conditions. Special attention has
been paid to the compression phase and the heat transfer in evaporator and condenser.

Keywords: ground source heat pumps; low GWP refrigerants; energy analysis; R410A; R32; R454B

Energies 2019, 12, 3538; d0i:10.3390/en12183538 1 www.mdpi.com/journal/energies
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1. Introduction

In 2018 almost 12 million heat pumps were installed across Europe, and a large number of these
were installed in Italy and France [1]. It should be stressed that this number accounts for just over
10% of operating heating systems and that gas boilers still occupy the majority of the market. Yet
such a market is not sustainable from an environmental point of view. In this instance, according to
EU Regulations [2,3], heat pumps come forward as an increasingly important player because they
represent one of the main solutions in the direction to use more renewable energy for heating and
cooling [4]. However, the application of Ground Source installations in the built environment is
not well developed [5]. Previous studies were mainly focused on Air Source Heat Pumps and on
refrigerant alternatives.

In the last two decades, the market of refrigerants has been dominated by hydrofluorocarbons
(HFCs), which represent the biggest share of fluorinated greenhouse gases. As HFCs have a relatively
high GWP and thus contribute to global warming when released into the atmosphere, the recent EU
Regulation 517/2014 imposes a strong reduction of their total quantity to be marketed in the next 15
years, down to 20% of their annual marketed volume, compared to the year 2014 [6]. For instance, as a
first step, starting from 2015, HFCs with GWP > 150 have been banned in domestic refrigerators [6].

This led to high prices of HFCs, urging the industry to find economically and environmentally
sustainable alternatives of low GWP [7].

According to the type of application, different working fluids can be used in refrigeration cycles
and the selection of the most suitable depends on practical and commercial purposes. Within the heat
pumps and chillers sector, HFCs that are being replaced are basically R134a and R410A [8,9]. With a
GWP respectively of 1043 and 2088, they are the most common high GWP refrigerants used at present.
Their replacement is being undertaken to limit and control their emissions that contribute to global
warming and climate change. Considering the best combination of cooling capacity and coefficient
of performance (COP) results, Mota-Babiloni et al. [10] analyzed different HFC/HFO mixtures and
showed good results for N-13, XP-10, and ARM-42A when substituting R134a, L41, and DR-5 as good
alternative refrigerants to R410A.

In order to replace R410A, pure R32 was introduced in domestic air conditioners as a short-term
option during the last couple of years. Despite being an HFC, R32 is characterized by much lower
GWP than R410A (675 instead of 2088) and by only % of the refrigerant charge needed for the same
heating or cooling power output. Mota-Babiloni et al. [11] investigated its use in air conditioning and
heat pump systems, confirming its slightly higher performance than R410A in terms of cooling and
heating modes.

In the context of high temperature HPs, using R717, R365mfc, R1234ze(E), and R1234ze(Z) [12]
and R1233zd(E) and 1336mzz(Z) [13], Kondou and Koyama [12] and Mateu-Royo et al. [13] evaluated
the theoretical performance of different cycle configurations with hydrofluoroolefines in order to
demonstrate the potential use of high temperature HPs to recover waste heat and reduce the primary
energy consumption.

One of the task of the European Project GEO4CIVHIC is to analyze the possible HFCs alternatives
suitable for the applications in the context of ground source heat pumps with domestic heating and
cooling purposes. In doing that, many criteria have to be met, such as suitable thermodynamic
properties, low flammability and toxicity, and stability in the system [14]. Merely substituting R410A
with alower GWP is not enough, because if the lower GWP refrigerant does not yield good performance
in the system, it can lead to increased energy consumption, and thus to greater indirect emissions [15].

Wu and Skye [16] presented a survey on GSHPs using CO,, NH3, water, and hydrocarbons
and evaluated advantages and disadvantages of natural refrigerants in terms of thermodynamic
characteristics, operation in vapor compression GSHPs, and also flammability and toxicity.
The parameter study presented by Aisyah et al. [17] is the first one that correlates an exergy and energy
analysis of a heat pump system using R1224yd to the effect on the environment.
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However, research on proper refrigerant to replace R410A in GSHPs for building heating, under
varied ground conditions, is sparse. Researches on GSHPs are mainly related to GSHP design guidance
and heat exchanger simulations [18,19] or to system application effects and control strategies [20,21].
The most common type of ground heat exchanger is the Borehole Heat Exchanger (BHE), a vertical
pipe loop reaching depths of 50200 m [22,23].

In this paper, the results of an analysis comparing short-term alternatives characterized by
intermediate GWP (<1000) are reported, with the aim to identify transition solutions to be applied by
EU companies in the period necessary to identify suitable refrigerants with very limited GWP (<150),
that is the final goal to get low-environmental impact HPs. The selected transition fluid will be used
within the project in a prototype and tested in a demo site. What it is expected from this analysis
is to establish the most suitable fluid to be checked in pilot facilities. Moreover, it is expected that
the solution that this study provides would allow Europe to increase its competiveness and assert its
leadership in the field of Ground Source systems.

2. Methodological Approach of the Study

The purpose of this study is to simulate and compare the thermodynamic behavior of present
and moderate GWP refrigerants in a reversible GSHP. Model simulation, carried out using Matlab
software [24], was applied to predict the performance of the system under certain working conditions,
besides irreversibilities in each component. Thermodynamic properties of fluids were calculated
through Refprop 10.0 Database [25].

2.1. Refrigerant Selection

In this work, R410A was taken as the reference refrigerant and its performance in thermodynamic
cycles were compared with those of alternative refrigerants. For its replacement, substitutes have
to obtain the best compromise between energy efficiency and volumetric refrigeration capacity.
Considering these factors, R32 and R454B were chosen as the most promising potential substitutes
for R410A [26]. Both can be considered as transition solutions characterized by intermediate-GWP.
According to the ASHRAE refrigerant classification standard, they are classified as A2L: low toxic and
mildly flammable with burning velocities less than 10 cm-s~1 [27]. Their basic characteristics are given
in Table 1.

Table 1. Basic characteristics of the selected fluids according to Refprop 10.0.

. ASHRAE Safety ;. o ) Pt T Glide
Fluid GWP Class [27] Composition (wt %) Tepir (K) (Mpa) ) NPB (K)
R410A 2088 Al R32/R125 (50/50) 343.32 4.770 0.05 212.15
R32 675 A2L R32 (100) 351.55 5.816 - 221.15
R454B 466 A2L R32/R1234yf (68.9/31.1) 350.15 5.041 1.5 22225

2.2. Assumptions for the Thermodynamic Cycle

A simple vapor compression refrigeration system was considered to simulate the heat pump in
heating mode. The system with the main components (compressor, condenser, expansion valve, and
evaporator) is schematically shown in Figure 1. Secondary fluids are water in both heat exchangers,
when temperature is above 0 °C. In case of low temperature of the fluid in the ground loops, secondary
fluid in the evaporator is a brine (mixture of water and propylene glycol at fixed concentration of 30%).

The main goal of this work is studying GSHPs for retrofitting civil and historical buildings,
with different low and high temperature terminals for heating. Since they have to be suitable for all
buildings, climates and ground conditions considered in the project, different operating temperatures
for the user and for the ground source were set to evaluate the thermodynamic performance.
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Figure 1. Layout of the heat pump system.

In relation to the ground loop, the temperatures of the heat carrier fluids can be variable depending
on several factors like location, ground stratification, type of technology, and number and depth of the
vertical ground source heat exchangers [28]. Furthermore, during the years of operation of the GSHP
system, the temperatures could be very different if the boreholes field is not properly designed and the
ground is affected by the so-called thermal drift [29].

Temperature differences of the secondary fluids through the heat exchangers were fixed,
corresponding to typical values for heat pump already present in the market [30]. All the assumed
system parameters and boundary conditions are specified in Section 2.6.

To model the heat exchangers (condenser and evaporator) a pinch analysis was applied. Pinch
point position, i.e. the position in a heat exchanger where the temperature profiles of the fluids
have the minimum temperature difference, is important to analyze heat transfer in thermodynamic
cycle and it has to be determined accurately [31,32]. A very small minimum temperature difference
between the temperature profiles of the fluids may cause an increase in costs, because much larger
heat exchange surface areas are necessary. At the same time, bigger minimum temperature difference
between the profiles increases exergetic losses in the heat transfer, thus decreasing the energy efficiency
of the system. Pinch point position depends on the slope of the fluids temperature profile and on
the superheating and subcooling assumed for the refrigerant. In the simulations, on the base of the
assumptions made, the pinch point in the condenser is located at the inlet of the primary fluid; in the
evaporator, it is located at the outlet of the primary fluid. These values are defined in Section 2.6.

In order to minimize irreversibilities associated with temperature difference, heat exchangers
present a counter-current configuration of the fluids. This feature allows a better coupling between
the temperature profiles and less exergetic losses. Considering the aims of the study, in this work,
heat exchangers are considered as ideal, assuming a unit value for efficiency and no heat losses and
pressure drops. An isenthalpic process was assumed for the expansion device, while a relatively
complex procedure was followed to assume the isentropic efficiency of the compressor, as described in
the next section.

Compressor

In order to accurately determine the performance of the thermodynamic cycle, isentropic efficiency
of the compressor was carefully analyzed. As is well known, it represents the ratio between the work
input to an isentropic process and the work input to the actual process, at the same inlet and exit
pressures. Two approaches were considered to establish the influence of the isentropic efficiency on
the cycle performance.

As a first step of the analysis, a constant value of the isentropic efficiency was assumed: this
hypothesis ensures a fair comparison of the performances of different fluids, considering the same
efficiency for all fluids and for all the working conditions.
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The second step, more realistic, considered a variable isentropic efficiency, depending on the
fluid, the selected commercial compressor and the working conditions. A scroll compressor (Bitzer
GSU60120VL, Sindelfingen, Germany) available in the market and optimized for refrigerants R410A,
R32, R454B, (and also R452B) was chosen, depending on the typical size of the GSHPs studied in
the project. Working with this compressor at given conditions, each fluid has a different isentropic
efficiency. The discharge temperatures were obtained through the Bitzer free online software 6.9 [33]
and, indirectly, the isentropic efficiency was derived. This second approach helps to understand the
different quality of the compression work and the heat losses occurring during the actual compression
process, considering a real compressor present in the market.

Figure 2 shows the isentropic efficiency values for each fluid as a function of the user outlet
temperature, i.e. the temperature of the secondary fluid at condenser outlet, once all the other boundary
conditions are fixed. Assuming a constant value of the isentropic efficiency (Ref. line in Figure 2) for all
fluids and all working conditions may lead to a not realistic evaluation of the compressor performance
and therefore of the global performance of the thermodynamic cycle. Moreover, this assumption
may cause a wrong selection of the most suitable refrigerant for a specific application with given
working conditions.

1
>
Q
£ 0.9
[}
k3]
iJE 0.8 N
= ®
8.0.7
o
B
g 06 —0-R32 —©-R454B
= —-e-R410A—Ref. line
0.5 ' :

30 40 50 60
User outlet Temperature [°C]

Figure 2. Constant value and actual values of isentropic efficiency at given boundary conditions
calculated for the Bitzer GSU60120VL compressor.

2.3. Regenerative Cycle

With the aim to improve the performance of the base thermodynamic cycle, the addition of a
liquid-line/suction-line heat exchanger (LLSL-HX) was evaluated. Thanks to the intra-cycle exchanger,
the high-pressure refrigerant from the condenser is subcooled by the low pressure vapor entering
the compressor [34]. This configuration is shown in Figure 3, with the description of the cycle in the
P-h diagram.

As well known in the literature, high molecular mass fluids can take advantage from the
regeneration because of their lower negative or their positive slope of vapor saturation curve in T-s
diagram [35]. Subcooling of high-pressure liquid and superheating of low pressure vapor depend on
the amount of heat transferred in the LLSL-HX. The maximum advantage is obtained considering
a flooded evaporator, in which the refrigerant is not fully evaporated. Here, a two-phase mixture
with 0.9 vapor quality has been considered as leaving low pressure fluid, where the vapor quality is
defined from thermodynamics as the ratio between the vapor mass and the total mass of the mixture.
The evaporation process is thus completed, together with the superheating of the vapor, in the LLSL-HX.
The main benefit of this solution consists in a higher evaporation temperature and therefore in a
reduction of the pressure ratio and of the compressor work.
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corresponding pressure-enthalpy diagram [36].
2.4. Energy Analysis

To evaluate the performance of the thermodynamic cycle, an energy analysis was carried out.
Isentropic efficiency was calculated as follows (see Figure 2):

Nis = (h3is = h2)/(h3 — I12)

where hi3;; and hi3 are the enthalpies at compressor discharge, respectively for isentropic and real
compression, h; is the enthalpy at compressor suction.

Volumetric Heating Effect is another interesting parameter that represents the refrigerating effect
per unit of swept volume. It provides information about the heat pump dimensions and about the
required refrigerant charge.

VHE = Ah/o

where Al is the enthalpy variation at the condenser and v is the refrigerant specific volume at compressor
inlet.

The main energetic parameter used to compare the refrigerants efficiency is the coefficient of
performance (COP) of the heat pump cycle, defined as the ratio between the heat supplied from the
cycle to the hot reservoir (Qw”d) and the required network input at the compressor (WC):

cor = Qcond/ W::

where and represents the power absorbed by the working fluid at the condenser, exchanged with the
user and set at 7000 W for every working condition.
The compressor power input W. is calculated as follows:

Wc = 7href(hl’» - hZ)

where 1i1,,¢ is the refrigerant mass flow rate, which is known from the power exchanged at the condenser
and the enthalpy difference at the condenser, /13 is the enthalpy at compressor discharge and #; is the
enthalpy at compressor suction.

2.5. Exergy Analysis

For a more comprehensive comparison of the refrigerant’s performance, a detailed exergy analysis
has been performed applying the general exergy theory described, e.g., in Reference [37]. This type of
analysis allows to evaluate thermodynamic processes identifying the major sources of irreversibilities
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and then inefficiencies in energy exploitation. The optimization of a thermodynamic process has the
purpose to minimize exergy losses, whereas energy, according to the first law of thermodynamics,
cannot be destroyed and then no information on the quality of each thermodynamic process can be
derived by energy balances. The overall system exergetic efficiency can be defined as follows:

Nex = Euseful/wc

where Euseﬂ,[ is the output exergy flux, i.e. the exergy absorbed by the user secondary fluid, and W, is
the input exergy flux to the system, supplied through the compression work.
The exergy absorbed by the user secondary fluid Eusgﬂ,, is obtained as:

Euseful = muser(kufnut - ku7i11)

where 11,50 is the user flow rate of the secondary loop and k;,_,t and k;,_j, are the specific coenthalpies
of the user fluid at the exit and at the entrance of the condenser. Coenthalpy is the potential of exergy
flow and it is defined as:

k=h-T,s

where Tz is a reference temperature, set at 5 °C and & and s are respectively the enthalpy and the
entropy of the working fluid at the heat exchanger.

For each thermodynamic process in the cycle, exergy losses were calculated to evaluate their relative
contribute to system energy efficiency. Exergy losses were calculated using the following equations:

- compressor  Leomp = We — tityer(ks — ko)

- condenser Leond = mref(k?: - k4) - muser(’%?out - kuﬁin)

- evaporator  Lewy = titgrouna(Kg_out = kg in) — tirer(kr — ko)
- throttling valve Logtoe = tityef(ky — k1)

- LLSL-HX  Lygsi-px = titefl(ks — k') = (ko' = k2)]

where riig is the water flow rate of the ground loop, got from the balances, and kg _out and kg_;;; are
the specific coenthalpies of the geothermal fluid at the exit and at the entrance of the evaporator.

2.6. Assumed System Parameters
The following assumptions have been made during the analysis:

- exchanged power at the condenser set at 7000 Watt.

- superheating at evaporator outlet should be as low as possible, but higher than zero to prevent
liquid entering the compressor. Hence, a constant value of 6 K was assumed.

- subcooling in the condenser is another design parameter, fixed at 5 K.

- Pinch Point temperature difference At,, =3 °C.

Simulations were run by varying both inlet and outlet temperature of the ground heat source
(evaporator) and the user (condenser) secondary fluids (Table 2).

Table 2. Working conditions of the secondary fluids.

Conditions Inlet Evaporator Outlet Evaporator Inlet Condenser Outlet Condenser
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)

1 0 -3 25 30

2 3 0 30 35

3 7 4 40 45

4 10 7 50 55
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3. Results and Discussion

The main results of the analysis are summarized below and compare the performance of the
thermodynamic cycle using R410A and those of the potential alternative fluids R32 and R454B.
Diagrams are referred to the extreme working conditions for the secondary fluid circulating in the
ground loop, i.e. inlet/outlet temperatures (Ty) at the evaporator:

- Tg=0/-3°C
- Ty=107°C

For these two sets of secondary fluid temperatures, performance of the heat pump producing
domestic water at 4 different user secondary fluid outlet temperatures (from 30 to 55 °C) are shown.

3.1. Base Configuration

3.1.1. Isentropic Efficiency of the Compressor

Considering that isentropic efficiency is different for each fluid and working condition, as came
out from previous analysis, it affects the performance of the thermodynamic cycle in different way.
Figure 4 shows that compressor isentropic efficiency has a similar trend but, at the same time, different
values for each fluid. R454B is the fluid that can guarantee the highest isentropic efficiency at all
user temperatures.

17 : : . 1— : :
) o~ O"R32 —@-R454B >
£ 09 18=0/3°Coraton €09
£ 08 E 0.8/ 5;8:8%5
2 9]
o, 0.7 o 0.7
1) o
= =
g 0.6 g 06¢ —0-R32 —-R454B
) ) — o
& 2 Tg=10/7°C_¢_Rra10a

0.5 0.5

30 40 50 60 30 40 50 60
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Figure 4. Isentropic Efficiency. (a) Ty = 0/-3 °C; (b) Tg = 10/7 °C

It is also interesting to notice how the shape of trends is different for different temperature levels
of the heat carrier fluid of the ground loop (Tg). This variation depends on the nominal design limits of
the compressor and is due to the fact that when compressor works with too high or too small pressure
ratio, the efficiency of the compression process decreases.

3.1.2. Coefficient of Performance (COP)

Figure 5 shows that, for both extreme working temperature levels of the ground loop secondary
fluid, COP decreases with the increasing of the user secondary fluid outlet temperature at the condenser,
as expected due to the increase of pressure ratio. For the same reason, COP is lower when Te= 0/-3°C
than when T¢ = 10/7 °C, considering all other conditions fixed.
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Figure 5. Coefficient of performance (COP). (a) Tg = 0/=3 °C; (b) T = 10/7 °C

R454B has slightly higher (around 5%) COP than R32 and R410A (similar each other) in all
working conditions.

3.1.3. Volumetric Heating Effect (VHE)

The results of the VHE are summarized in Figure 6. As it can be seen, R32 has the highest VHE.
Thus, it needs lower volumetric flow rate than the other fluids to exchange the same thermal power.
R454B, vice versa, has the smallest value of the volumetric heating effect because it is a mixture of
HFC R32 and HFO R1234yf having relatively low density. R410A has an intermediate behavior. It is
interesting to note that the trend of VHE for each fluid is almost independent from the user secondary
fluid outlet temperature at the condenser, that is from the pressure ratio. The trend of the volumetric
heating effect is very important because it gives information about the required volumetric mass flow
rate and therefore about the size of the heat pump and pipes.
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Figure 6. Volumetric heating effect. (a) Ty = 0/-3 °C; (b) T¢ = 10/7 °C
3.1.4. Exergetic Efficiency

Exergetic efficiency trend is shown in Figure 7. As for the isentropic efficiency, the value is higher
for higher temperatures of the ground loop fluid. R454B always stands as the refrigerant with the
best performance, as from first law analysis. The trend of the performance is not linear because
exergetic efficiency of components influences the heat transfer process differently according to the
working temperatures.
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3.1.5. Exergetic Losses

Exergetic analysis is useful because it allows to evaluate the distribution of exergetic losses and
thus the inefficiencies of the heat pump components. Figure 8 shows what are the exergy losses
generated in each component of the heat pump at a specific condenser condition for the lowest and the
highest working temperature levels at the evaporator. In the case of Ty = 0/-3 °C, it is evident that
compression is the thermodynamic process with the highest exergy losses, followed by throttling. Even
for the case with the highest evaporation temperatures (Tg = 10/7 °C), and thus the lowest temperature
difference between evaporation and condensation temperatures, compression and throttling are the
worst processes, even if with lower differences from condensation and evaporation. Amongst the
three refrigerants here considered, R454B showed total exergy losses lower than the other fluids:
this result is mainly due to the much lower exergy losses in the compression process. In general, to
improve the overall efficiency of the heat pump, efforts should be addressed to improve the efficiency
of compression and throttling processes.
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Figure 8. Exergy losses generated in the heat pump components considering inlet condenser temperature
40 °C and outlet condenser temperature 45 °C. (a) Tg = 0/=3 °C; (b) Ty = 10/7 °C.

3.2. Regenerative Configuration

Regenerative configuration can increase the performance of the base cycle, depending on fluid
and working conditions. In this configuration, a vapour quality of 0.9 was assumed for the working
fluid at evaporator outlet. Then, the refrigerant moves to the LLSL heat exchanger, where it completes
the evaporation and exits 5°C superheated.

The consequences at the evaporator are:

- pinch point moves at refrigerant inlet in the evaporator;

10
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- evaporation temperature increases;
- temperature profiles are closer (Figure 9).

When the conditions are favorable, regeneration process allows to decrease exergetic losses and
compression work. At the same time, it can improve the performance of thermodynamic cycle. In
relation to isentropic efficiency, regeneration is not necessarily beneficial, because the reduction of
the pressure ratio induced by the evaporating temperature increase is not always positive for the
compression efficiency. However, compression efficiency worsening is less significant than compression
work reduction and thus the overall effect can be positive.

Regenerative cycle performance is represented in terms of percentage deviation from the base
cycle performance. Figures 10 and 11 highlight that regenerative configuration is beneficial for all
fluids in every working condition in terms of both COP and exergetic efficiency. This means that using
LLSL-HX improves energy performance in all cases and then is strongly suggested for these fluids and
operative conditions. While R32 and R410A have similar improvement with respect to the base case,
the increase of COP and exergetic efficiency is more evident for R454B with respect to the other fluids.
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Figure 9. Temperature profiles in the evaporator for the two thermodynamic cycles. (a) Base
Configuration; (b) Regenerative Configuration.
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Figure 10. Percentage deviation of coefficient of performance (COP). (a) Ty = 0/-3 °C; (b) Tg = 10/7 °C.
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Figure 11. Percentage deviation of the Volumetric Heating Effect. (a) Tg = 0/-3 °C; (b) Ty = 10/7 °C.

The regenerative configuration leads also to increased VHE, as represented in Figure 11. In
relation to VHE, R32 has the highest benefit with respect to the other refrigerants.

3.2.1. Exergetic Efficiency

As for the previous factors, exergetic efficiency benefits from the regenerative configuration as
well. The increase of exergetic efficiency compared to the base cycle occurs for every fluid and every
working temperature (Figure 12). Once again, R454B is the refrigerant that gets the most profit.
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Figure 12. Percentage deviation of the exergetic efficiency. (a) Ty = 0/=3 °C; (b) Ty = 10/7 °C.
3.2.2. Exergetic Losses

The regenerative configuration allows to reduce some exergetic losses of the system, represented in
Figure 13. Comparing Figures 8 and 13, a considerable reduction during the throttling and evaporation
phase is noticeable.

During the evaporation process, losses decrease depending on the change of position of the pinch
point. Since the pinch point moves at refrigerant inlet in the evaporator, the area between the two
temperature profiles is greatly reduced, and the losses decrease (see Figure 9).

Throttling losses are reduced both because of the increase of evaporation temperature and because
of the higher subcooling of liquid at the entrance of the valve.
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Figure 13. Exergy losses generated in the heat pump components, included liquid-line/suction-line heat
exchanger (LLSL-HX), considering inlet condenser temperature 40 °C and outlet condenser temperature
45°C. (a) Tg = 0/-3 °C; (b) T¢ = 10/7 °C.

It also important to notice that the decrease varies according to the refrigerant and the complexity
of the molecules.

Despite the fact that all the losses tend to decrease, it should be considered that in the regenerative
configuration there is an additional exchanger, also characterized by exergetic losses. However, these
losses do not give an important contribution to the total exergetic losses of the system.

4. Conclusions

As there are many factors influencing the performance of a thermodynamic cycle, it is necessary
to carry out an overall analysis to identify the best refrigerant, amongst those with intermediate GWP
(<1000), for the replacement of R410A in ground source heat pumps. Thus, a comprehensive analysis
has been performed considering the first and the second laws of thermodynamics, as well as exergetic
losses in the various components, compressor discharge temperature, and volumetric heating effect.

From the compressor point of view, the analysis has been performed considering both the case
of fixed isentropic efficiency for all the considered refrigerants (R410A, R32 and R454B) and that of
variable isentropic efficiency as calculated from a software reproducing the behavior of a commercial
compressor working with all the considered refrigerants. It is interesting to note that the two approaches
gave totally different results. In particular, in the more realistic case of variable isentropic efficiency,
R454B showed to be the most promising refrigerant. Thus, assuming constant isentropic efficiency,
even if in principle correct from the thermodynamic point of view, can be misleading with respect to
the actual performance in a commercial compressor.

A comparison between base configuration and regenerative configuration of the cycle has also
been performed, with the aim to evaluate the opportunity to install a LLSL-HX in the cycle. Significantly
higher values of COP and exergetic efficiency than R410 and R32 are obtained with R454B in both
cases, but with clear enhancements induced by the presence of the LLSL-HX with respect to the base
configuration of the cycle.

Vice versa, R454B is characterized by a lower volumetric heating effect than R410A and R32. This
can implicate a bigger size of components of the heat pump (e.g., compressor) and then higher costs.
For sure, more studies and research have to be made in relation to R454B, which is basically unknown
from the technical point of view, since the first compressors using this fluid have been produced in
2018. Moreover, R454B is a zeotropic mixture: therefore, it requests attention in heat exchangers
optimization, since variations of the refrigerant temperature and composition can occur during the
operation. Finally, in terms of flammability, it is classified as an A2L refrigerant: thus, the mass charged
in the system should be limited, preventing use in large installations.

It is also important to underline that the analysis here performed is based on ideal assumptions
(for example, effect of the pressure losses was not considered here) that could affect the results, if
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applied in real installations. The results found, however, provide a starting point for the selection of
intermediate GWP replacement fluids.
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Nomenclature

cop Coefficient of performance -
GWP Greenhouse Warming Potential -
Eusﬂﬁ,, Exergy output W

h Enthalpy J/kg
HFO Hydrofluoroolefin -

HP Heat pump -
HVAC Heating, Ventilation and Air Conditioning -

k Coenthalpy J/kg
L Exergetic Loss W
LLSL-HX Liquid line/suction line heat exchanger -

g Water flow rate of the ground loop kg/s
My Refrigerant mass flow rate kg/s
Myser User mass flow rate kg/s

s Entropy J/kg'K
T, Air temperature °C
VHE Volumetric heating effect kJ/m3
v Specific volume m3/kg
Qond Power at the condenser w

Tg Water or brine temperature in the ground loop °C
W Compressor power consumption W
Greek Symbols

Mis Isentropic efficiency of the compressor -

Tex Exergetic efficiency -
Subscripts

pp Pinch point

References

1.  Nowak, T.; Westring, P. European Heat Pump Market and Statistics Report; The European Heat Pump Association
AISBL (EHPA): Brussels, Belgium, 2018.

2. Council, E. Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the energy
performances of buildings. Off. J. Eur. Union 2010, 153, 13-35.

3. Directive (EU) 2018/844 of the European Parliament and of the Council of 30 May 2018 amending Directive
2010/31/EU on the energy performance of buildings and Directive 2012/27/EU on energy efficiency. Available
online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L0844&from=EN (accessed
on 14 January 2019).

14



Energies 2019, 12, 3538

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

Bianco, V.; Scarpa, F.; Tagliafico, L. Estimation of primary energy savings by using heat pumps for heating
purposes in the residential sector. Appl. Therm. Eng. 2017, 114, 938-947. [CrossRef]

Sanner, B.; Dumas, P.; Gavriliuc, R.; Zeghici, R. The use of geothermal energy for buildings refurbishment in
Europe-technologies, success stories and perspectives. Rev. Romana Inginerie Civila 2013, 4, 183.

Directive (EU) 2014/517 of the European Parliament and of the Council of 16 April 2014 on fluorinated
greenhouse gases and repealing Regulation (EC) 2006/842. Available online: https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32014R0517&from=EN (accessed on 14 January 2019).

Mota-Babiloni, A. Analysis of low Global Warming Potential fluoride working fluids in vapour compression
systems. Experimental evaluation of commercial refrigeration alternatives. Ph.D. Thesis, Jaume I University,
Castellon de la Plana, Spain, 2016.

McLinden, M.O.; Kazakov, A.E; Brown, J.S.; Domanski, P. A thermodynamic analysis of refrigerants:
Possibilities and tradeoffs for Low-GWP refrigerants. Int. ]. Refrig. 2014, 38, 80-92. [CrossRef]

Botticella, F.; De Rossi, F.; Mauro, A.W.; Vanoli, G.P; Viscito, L. Multi-criteria (thermodynamic, economic and
environmental) analysis of possible design options for residential heating split systems working with low
GWP refrigerants. Int. |. Refrig. 2017, 87, 131-153. [CrossRef]

Mota-Babiloni, A.; Navarro-Esbri, J.; Barragan-Cervera, A.; Moles, E; Peris, B. Analysis based on EU
Regulation No 517/2014 of new HFC/HFO mixtures as alternatives of high GWP refrigerants in refrigeration
and HVAC systems. Int. |. Refrig. 2015, 52, 21-31. [CrossRef]

Mota-Babiloni, A.; Navarro-Esbr1, J.; Makhnatch, P.; Moles, F. Refrigerant R32 as lower GWP working fluid in
residential air conditioning systems in Europe and the USA. Renew. Sustain. Energy Rev. 2017, 80, 1031-1042.
[CrossRef]

Kondou, C.; Koyama, S. Thermodynamic assessment of high-temperature heat pumps using Low-GWP
HFO refrigerants for heat recovery. Int. |. Refrig. 2015, 53, 126-141. [CrossRef]

Mateu-Royo, C.; Navarro-Esbri, J.; Mota-Babiloni, A.; Amat-Albuixech, M.; Moles, F. Theoretical evaluation
of different high-temperature heat pump configurations for low-grade waste heat recovery. Int. J. Refrig.
2018, 90, 229-237. [CrossRef]

Bobbo, S.; Di Nicola, G.; Zilio, C.; Brown, J.S.; Fedele, L. Low GWP halocarbon refrigerants: a review of
thermophysical properties. Int. ]. Refrig. 2018, 90, 181-201. [CrossRef]

Makhnatch, P.; Khodabandeha, R. The role of environmental metrics (GWP, TEWI, LCCP) in the selection of
low GWP refrigerant. Energy Procedia 2014, 61, 2460-2463. [CrossRef]

Wu, W,; Skye, H. Progress in Ground Source Heat Pumps using natural refrigerants. Int. ]. Refrig. 2018, 92,
70-85. [CrossRef] [PubMed]

Aisyah, N.; Alhmaid, M.L; Nasruddin, S.; Lubis, A.; Saito, K. Parametric study and multi-objective
optimization of vapor compression heat pump system by using environmental friendly refrigerant. J. Adv.
Res. Fluid Mech. Therm. Sci. 2019, 54, 44-56.

Nam, Y.; Chae, H.B. Numerical simulation for the optimum design of ground source heat pump system
using building foundation as horizontal heat exchanger. Energy 2014, 73, 933-942. [CrossRef]

Li, H.; Nagano, K.; Lai, Y.; Shibata, K.; Fujiimoto, H. Evaluating the performance of a large borehole ground
source heat pump for greenhouses in northern Japan. Energy 2013, 63, 387-399. [CrossRef]

Hu, B,; Li, Y,; Mu, B.; Wang, S.; Seem, J.E.; Cao, F. Extremum seeking control for efficient operation of hybrid
ground source heat pump system. Renew. Energy 2016, 86, 332-334. [CrossRef]

Emmi, G.; Zarrella, A.; De Carli, M.; Galagaro, A. An analysis of solar assisted ground source heat pump in
cold climates. Energy Convers. Manag. 2015, 106, 660-675. [CrossRef]

Biglarian, H.; Abbaspour, M.; Hassan Saidi, M. Evaluation of a transient borehole heat exchanger model in
dynamic simulation of a ground source heat pump system. Energy 2018, 147, 81-93. [CrossRef]

Luo, J.; Rohn, J.; Bayer, M.; Priess, A. Thermal Efficiency Comparison of Borehole Heat Exchangers with
Different Drillhole Diameters. Energies 2013, 6, 4187-4206. [CrossRef]

The Mathworks Inc. Matlab and Statistics Toolbox Release 2018a; The Mathworks Inc.: Natick, MA, USA, 2018.
Lemmon, EW.; Bell, I.H.; Huber, M.L.; McLinden, M.O. NIST Standard Reference Database 23, Reference
Fluid Thermodynamic and Transport Properties (REFPROP), version 10.0; National Institute of Standards and
Technology: Gaithersburg, MD, USA, 2018.

15



Energies 2019, 12, 3538

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pham, H.M.; Monnier, K. Interim and Long-Term Low-GWP—Refrigerant Solutions for Air Conditioning. In
Proceedings of the International Refrigeration and Air Conditioning Conference at Purdue, West Lafayette,
IN, USA, 11-14 July 2016.

ASHRAE. ANSI/ASHRAE Standard 34-2016, Designation and Safety Classification of Refrigerants; ASHRAE:
Atlanta, GA, USA, 2016.

Sarbu, I; Sebarchievici, C. Using Ground-Source Heat Pump Systems for Heating/Cooling of Buildings. In
Advances in Geothermal Energy; InTechOpen: London, UK, 2016.

Capozza, A.; De Carli, M.; Zarrella, A. Design of borehole heat exchangers for ground-source heat pumps: A
literature review, methodology comparison and analysis on the penalty temperature. Energy Build. 2012, 55,
369-379. [CrossRef]

Melinder, A. Properties of Secondary Working Fluids for Indirect Systems (Secondary Refrigerants or Coolants, Heat
Transfer Fluids); International Institute of Refrigeration: Paris, France, 2010.

Wu, W.; Zaho, L.; Ho, T. Experimental investigation on pinch points and maximum temperature differences
in a horizontal tube-in-tube evaporator using zeotropic refrigerants. Energy Convers. Manage. 2012, 56, 22-31.
[CrossRef]

Venkatarathnam, G.; Mokashi, G.; Murthy, S.S. Occurence of pinch points in condensers and evaporators for
zeotropic refrigerant mixtures. Int. J. Refrig. 1996, 19, 361-368. [CrossRef]

Bitzer software v6.9.1.2074; Bitzer Kuhlmaschinenbau GmbH, 2013-2018. Available online: https://www.
bitzer.de/websoftware/ (accessed on 4 February 2019).

Minh, N.Q.; Hewitt, N.J.; Eames, P.C. Improved Vapour Compression Refrigeration Cycles: Literature
Review and their Applications to Heat Pumps. In Proceedings of the International Refrigeration and Air
Conditioning Conference at Purdue, West Lafayette, IN, USA, 11-14 July 2016.

Babatunde, A.F,; Sunday, O.O. A Review of Working Fluids for Organic Rankine Cycle (ORC) Applications.
Mater. Sci. Eng. 2018, 413, 012019. [CrossRef]

Domanski, P.A.; Didion, D.A.; Doyle, ]J.P. Evaluation of suction-line/liquid-line heat exchange in the
refrigeration cycle. Int. |. Refrig. 1994, 17, 487-493. [CrossRef]

Borel, L.; Favrat, D. Thermodynamique et Energetique: de L'energie a L'exergie, Vol. 1and 2; EPFL-PPUR: Lausanne,
Switzerland, 2005.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

16



energies MBPY

Article

Energy Evaluation of Multiple Stage
Commercial Refrigeration Architectures
Adapted to F-Gas Regulation

Jesus Catalan-Gil ¥, Daniel Sanchez, Rodrigo Llopis, Laura Nebot-Andrés and Ramén Cabello

Department of Mechanical Engineering and Construction, Campus de Riu Sec., Jaume I University,
E-12071 Castellén, Spain; sanchezd@uii.es (D.S.); rllopis@uiji.es (R.L.); Inebot@uji.es (L.N.-A.);
cabello@uji.es (R.C.)

* Correspondence: jcatalan@uiji.es; Tel.: +34-964-72-8133

Received: 28 June 2018; Accepted: 18 July 2018; Published: 23 July 2018

Abstract: This work analyses different refrigeration architectures for commercial refrigeration providing
service to medium and low temperature simultaneously: HFC/R744 cascade, R744 transcritical booster,
R744 transcritical booster with parallel compression, R744 transcritical booster with gas ejectors,
R513A cascade/R744 subcritical booster, and R513A cascade/R744 subcritical booster with parallel
compression. The models were developed using compressor manufacturers’ data and real restrictions of
each system component. Limitations and operating range of each component and architecture were
analysed for environment temperatures from 0 to 40 °C considering thermal loads and environment
temperature profiles for warm climates. For booster systems, cascade with subcritical booster with
parallel compression provide highest coefficient of performance (COP) for temperatures below 12 °C
and above 30 °C with COP increases compared basic booster up to 60.6%, whereas for transcritical
boosters, architecture with gas ejectors obtains the highest COP with COP increases compared
to the basic booster up to 29.5%. In annual energy terms, differences among improved booster
systems are below 8% in the locations analysed. In Total Equivalent Warming Impact (TEWI) terms,
booster architectures get the lowest values with small differences between improved boosters.

Keywords: R744 transcritical booster; subcritical booster; cascade; parallel compression; ejector;
commercial/retail refrigeration

1. Introduction

Commercial refrigeration systems are large contributors to the Greenhouse Effect due to four
aspects: large refrigerant charges, high leakage rates, high energy consumption, and use of high
GWP refrigerants such as R404A (GWP = 3922) or R507A (GWP = 3985) [1,2]. Europe, leading the
fight against the climate change, has adopted a restriction for centralised refrigeration systems in
the commercial sector from 1 January 2022 on (Regulation (EU) No 517/2014 [3]). This regulation has
limited the GWP of the refrigerant to 150, in multipack centralised refrigeration systems for commercial
use with capacity of 40 kW or more, with the exception of the refrigerant for the primary circuit of cascade
systems where the GWP limit of 1500 has been considered. To accomplish this restriction, direct expansion
in centralised refrigeration systems must rely on refrigerants with GWP less than 150. Among the different
possible fluids to be used, the most suitable fluids are R744, HFO synthetic refrigerants and their mixtures,
and HC, as it has been studied by members of the British Refrigeration Association et al. [4].

Supermarket refrigeration in Europe was dominated by direct expansion systems with R404A
for low and medium temperature [5] and recently by R134a/R744 cascade which was experimentally
analysed by Sanz-Kock et al. [6]. However, due to the restrictions established by the F-Gas, some of the
existing commercial refrigerating plants will disappear as they cannot be reconverted to completely
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fulfill the F-Gas Regulation. In many cases, installations will have to modify their technology in
order to avoid refrigerants with GWP greater than 150 to direct expansion. One possible solution for
the existing systems is to replace the direct expansion systems by secondary fluid loops, such as the
ones described by Wang et al. [7]. Nonetheless, the introduction of secondary fluid loops generally
introduces penalties in the energy efficiency of the system. Sanchez et al. [8], measured energy
increments up to 14.0% when reconverting a R134a/CO,; direct cascade to an indirect one using
propylene-glycol at medium temperature. Llopis et al. [9], presented an experimental evaluation
of energy consumption reconverting a direct expansion refrigeration system to an indirect system,
using R134a and R507A, with energy consumption increases up to 22.8% (R134a) and 38.7% (R507A).

Another possibility for accomplishing the F-Gas Regulation is to use systems whose operation
rely on R744 as the main refrigerant. Shecco presented a report [10] of the effect that the F-Gas has on
the HVAC&R industry. This report shows the number of supermarkets in Europe using transcritical
systems. There were 8732 supermarkets using R744 transcritical systems in 2016, but the most part
of them (98.16%) are located in northern countries where the environment temperatures are low or
moderate. In cold or moderate regions, the R744 basic booster system is the commonly chosen solution
since it is able to provide high energy performance [11], however, in warm regions such as Spain, Italy,
or Portugal, the R744 basic booster does not offer an acceptable energy efficiency, thus in the last years,
cascade systems with R744 as low temperature refrigerant have been widely used in warm regions due
their good performance, but the efforts in recent years have been directed to optimising the performance
of booster systems with control strategies [12], to integrate heating and air conditioning [13-15], and to
improve the refrigeration architecture using advanced R744 booster systems [16] in warm regions.

Some of these improvements are: parallel compression [17] to reduce the mass flow rate of the
medium temperature compressor (MTC), mechanical subcooling [18,19] to increase the specific cooling
capacity in evaporators, systems with ejectors and parallel compression [20,21] to reduce exergy losses
in the expansion processes and the MTC mass flow rate, and overfeed evaporators [22,23] to achieve
higher evaporation temperature. In addition, the heating and air conditioning integration in the
booster architecture is possible and it is an efficient solution to reduce annual energy consumption as
analysed by Karampour et al. [15] and Hafner et al. [24]. Ge et al. [25] analysed a tri-generation using
the high rate of heat rejection in CO, refrigeration systems in supermarkets to provide space cooling
or refrigeration and Polzot et al. [26] analyses the energy saving potential using a Water Loop Heat
Pump system. Generally, all these improvements try to reduce the power of the MTC or to use the
excess thermal energy, however these systems have more inherent complexity and economic cost than
an R744 basic booster.

Some researchers analysed the R744 basic booster and cascade system to compare these types of
architectures in different regions with different climates. Sawalha et al. [27,28] evaluated theoretically
different CO; centralised system solutions with two- or single-stage compression systems considering
the possibility of using flooded evaporators. He compared the systems taking a R404A system and the
NHj3/CO; cascade as reference [29] and he concluded that the cascade system is better for hot climates
and the two-stage centralised systems with CO, are better for cold climates. Also, he indicated that the
cascade system offers the best results for high temperature environments. Additionally, Fricke et al. [30]
contrasted the energy consumption of cascades and booster systems in different climate regions in the
USA, concluding that cascade systems obtain the lowest energy consumption in hot regions and booster
systems in cold regions, however, current cascades will not be compatible with the F-Gas Regulation if the
medium temperature level is served with direct expansion systems with refrigerant GWP greater than 150.

This work aims to energetically and environmentally compare several refrigeration architectures
using R744 as the main refrigerant by introducing two new alternative booster arrangements working
in subcritical conditions. A detailed thermodynamic analysis is presented for each configuration using a
classic R513A /R744 cascade system as reference due to its extensive use in warm regions for centralised
commercial refrigeration. The novelty of the analysis makes emphasis on the operational limits of the
main components: compressors, expansion valves, and gas ejectors, as well as the limitations of each
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architecture depending on the environmental temperature. Additionally, the displacement of each
compressor and the maximum operating pressure of each configuration are compared and discussed
for a medium-size supermarket typically used in Spain and Portugal.

2. Refrigeration Architectures

This section presents the different refrigeration architectures considered in this work. All the
architectures provide service simultaneously to medium and low temperature services using high
safety refrigerants (A1). All architectures, with the exception of the R513A /R744 cascade, are in
agreement with the restrictions established by the F-Gas Regulation. The R513A /R744 cascade (2.1),
R513A cascaded R744 subcritical booster (2.5), and R513A cascaded R744 subcritical booster with
parallel compression (2.6) always operate in subcritical conditions, either in the R513A cycle or in
the R744 cycle. These cycles have been analysed using R513A (GWP = 629) as refrigerant in the
high temperature cycle (HT cycle), because it is a drop-in of the widely used refrigerant in that cycle,
R134a (GWP = 1430) [2], that offers improvement in COP with a reduced GWP refrigerant [31,32].

On the other hand, the other architectures analysed (basic booster (2.2), booster with parallel
compression (2.3) and booster with gas ejectors and parallel compression (2.4)), use R744 as refrigerant,
operating both in transcritical or subcritical conditions depending of the heat rejection temperature.

2.1. R513A/R744 Cascade Cycle (CC)

Cascade configuration, shown in Figure 1, has two independent refrigerant circuits coupled
through the cascade heat exchanger (CHX). It uses R513A in the high temperature (HT) circuit and
R744 in the low temperature (LT) circuit. It incorporates an internal heat exchanger (IHX) before the LT
compressors (LTc) to ensure the expansion of liquid in the expansion valves and a small superheating
before LT¢, it also incorporates a desuperheater at the discharge of the LT¢ [33] to perform heat
rejection before the cascade heat exchanger. This system was analysed theoretically by Llopis et al. [34]
and investigated experimentally by Sanz-Kock et al. [6] with R134a as HT refrigerant as a solution to
commercial refrigeration in warm climates. On the other hand, this architecture was also analysed
with different A3 refrigerants by Sachdeva et al. [35].

—

Ty cascade

Cascade Condenser

MT Evaporator
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s

CHXgy Yoo -

Cascade Heat Exchanger Mec/k

Figure 1. Schematic of a R513A /R744 cascade cycle (a) and its T-s diagram (b).
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2.2. Basic Booster (BB)

The basic booster configuration, Figure 2, uses only R744 as refrigerant. It incorporates LT
compressors, desuperheater (DSH), MT compressors (MT¢), a high pressure control valve (HPCV) to
control the heat rejection pressure in order to operate in optimal conditions, a flash gas valve (FGy),
and a gas-cooler/condenser (GC/K) which needs to be well designed and controlled as analysed
by Ge et al. [36] and Tsamos et al. [37,38]. R744 is distributed to the services using direct expansion
systems. R744 is sent as saturated liquid to the MT cabinets and subcooled (due to IHX) to the LT
cabinets. This system will operate in subcritical or transcritical mode depending on the environment
temperature (Section 3).

R744 GCIK

LT, ! Hx/ |

400 500 600
Enthalpy (kJ/ke)

(b)

(a)

Figure 2. Schematic of a basic booster (a) and its p—h diagram (b).

2.3. Booster with Parallel Compression (BB + PC)

The booster with parallel compression configuration, Figure 3, uses the same architecture as the
basic booster (BB) but it includes additional compressors denoted as parallel compressors (PC). The PC
extracts saturated vapour from the flash tank and it is compressed to the high rejection pressure.
As analysed theoretically by Sarkar et al. [39] in a simple stage, the use of PC allows one to reduce the
pressure in the flash tank and to increase the specific cooling capacity. In addition, these compressors
reduce the mass flow rate in MT and LT services and in the LT¢ and MTc. Chesi et al. [40] also analysed
this cycle, reaching COP improvements of over 30% with respect to the basic cycle and showed three
main parameters with high influence on the cycle; compressors volumetric flow ratio, intermediate
pressure, and the separator efficiency. BB + PC but without DSH was theoretically investigated by
Gullo et al. [17], who indicated that it allows COP increments compared to the basic booster system
up to 33% for an environment temperature of 35 °C. Another study by Tsamos et al. [41] showed that
parallel compression is an energy efficient system for moderate and warm climates.
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Figure 3. Schematic of a booster + PC (a) and its p-h diagram (b).

2.4. Booster with Parallel Compression and Gas Ejectors (BB + PC + GEjs)

The booster system with gas ejectors and parallel compression, Figure 4, incorporates ejectors
in combination with parallel compressors. Ejectors reduce the mass flow rate through the medium
temperature compressors [42] and reduce the exergy losses incrementing the specific cooling capacity
in the evaporators.
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Figure 4. Schematic of a booster + PC (a) and its p-h diagram (b).
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If the ejector is modulating, it could also replace the high pressure control valve of the system [21].
The use of ejectors in the R744 booster is one of the improvements with better future prospects, such as
the multi-ejector system as presented by Hafner et al. [20] and by Hafner and Banasiak et al. [43].

Operation of the ejectors depends mainly on the input pressures and mass flow ratios, as analysed
by Li and Groll et al. [44] and Liu and Groll et al. [45] and on the ejectors geometry as evaluated by
Liu and Groll et al. [46]. Accordingly, the improvements using ejectors are very dependent on the
operating conditions of the system. Nonetheless, this architecture presents COP increments respect to
the booster system with parallel compression up to 7%, as analysed by Haida et al. [42].

2.5. Cascade with Subcritical Booster (CC + SB)

The next configuration is a cascade cycle, with R513A in the primary cycle (HT cycle) and a
R744 subcritical booster (Figure 5). This system joins two types of architectures (cascade and booster)
to obtain great performance at low and high environment temperatures, because basic boosters
architecture have great performance at low environment temperatures, as does the cascade architecture
at high environment temperature.
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Figure 5. Schematic of a cascade with subcritical booster (a) and its R744 p-h diagram (b).

This architecture provides service simultaneously to MT and LT appliances (Section 2.2) with
R744, such as the other R744 transcritical boosters, but in this case, the R744 booster always works in
subcritical conditions (forced by the HT cycle).

Since MT¢ always work in subcritical conditions, subcritical R744 compressors can be used in
this rack. The advantage is that subcritical compressors present higher efficiencies than transcritical
ones operating in subcritical conditions according to the manufacturer-provided data. For this reason,
the type of compressors selected for MT¢ in this architecture are subcritical. This is an advantage in
relation to transcritical boosters working in subcritical conditions.
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Another advantage of this architecture for some supermarkets with HFC/R744 cascades
(widely used in warm climates), if the facility has not reached its end-life use, some parts of the
existing system (condenser and HT compressors) could be used in the reconversion procedure.

This system can operate with other refrigerants in the HT cycle such as R152a, R290, and R1270,
but these are not considered in this work due to their lower safety classifications.

2.6. Cascade with Subcritical Booster and Parallel Compression (CC + SB + PC)

The last configuration is similar to the previous one but uses parallel compression (PC) (Figure 6).
This system corresponds to a cascade cycle with R513A in the primary cycle, maintaining the R744
booster with parallel compression in subcritical conditions. As in the previous case, this system can
reuse the HT compressors and condenser of a previous cascade architecture.
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Figure 6. Schematic of a cascade with subcritical booster + PC (a) and its R744 p-h diagram (b).

For CC + SB + PC, MT¢ always work in subcritical and now also the PC, so these compressor
racks are composed of subcritical R744 compressors.
3. Thermodynamic Modelling and Component Limitations

This section describes the thermodynamic models of each refrigeration cycle component,
establishes the transition methodology between operation in transcritical and subcritical conditions,
describes the reference supermarket application for sizing the systems, and shows the working
limitations of each element that condition the operating of the systems.

3.1. Heat Rejection Characteristics
For R513A cycles, condensing temperature is evaluated with Equation (1), considering an

environment-condensing temperature difference (ETD) of 5 K [35].

Tk r5134 = Tenv + ETD (1)
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For R744 cycles in subcritical conditions, condensing temperature is computed with Equation (2),
considering an approach temperature (ETD) and a subcooling degree in condenser (Sub). The approach
temperature between the condensation and environment temperature has been fixed to 5 K too. On the
other hand, a subcooling of 2 K has been considered because the proper operation of this system relies
on a certain subcooling degree, as described by Danfoss [47].

Tk R744 = Teny +Sub +ETD )

For R744 cycles in transcritical conditions, the gas-cooler outlet temperature is calculated with
Equation (3), considering an approach temperature of 2 K due to the high thermal effectiveness of the
gas-cooler in transcritical conditions, as measured by Sanchez et al. [48]. For these systems, the results
are expressed for the optimum heat rejection pressure, which is evaluated through an iterative method.

Tccr7a4 = Tenv + ETD (3)

3.2. Cascade Heat Exchanger (CHX)

The architectures with R513A in an HT cycle has been analysed considering a temperature
difference of 5 K between the R744 condensation level and the R513A evaporation level, which it is an
average value measured by Sanz-Kock et al. [6] in an experimental cascade plant.

3.3. Desuperheater (DSH)

Although not generally considered in R744 booster systems, we include a DSH in all the cycles,
placed at the exit of the LT, since the compressor’s discharge temperature is always higher than the
environment temperature. This desuperheater performs heat rejection before the second compression
stage, thus reducing the temperature at the MTc inlet. This element always increases the energy
efficiency of the plant. This improvement was analysed by Sanz-Kock et al. [6] in a cascade system.
It has been evaluated that the introduction of a desuperheater after the first compression stage reduces
energy consumption around 3-4% for each system analysed.

The outlet temperature of R744 at the DSH is evaluated with Equation (4), considering an approach
of 5 K (ETD) with the environment temperature (Teny).

TDSHm,t - Tenv +ETD (4)

3.4. Refrigeration Heat Loads

All the refrigeration architectures have been evaluated considering the same heat load design
condition, which represents a medium-sized supermarket working at standard evaporating levels [49],
with cooling capacity of 41 kW and 140 kW for low and medium temperature service, respectively.

The heat load profile considered for all architectures only takes into account variations of the
heat load factor between the opening and closing schedule of the supermarket, since they are always
maintained at a constant inner temperature. One hundred percent heat load factor has been considered
from 7:00 a.m. to 10:00 p.m. and 50% from 10:00 p.m. to 7:00 a.m. for every day of the year.

All the data described above is summarised in Table 1.

3.5. Internal Heat Exchanger (IHX)

The compressor manufacturer specifies a minimum lubricant working temperature to operate
with suitable viscosity [50]. Accordingly, it is necessary to introduce an IHX in the suction line of the
LT compressors. This element ensures liquid refrigerant at the inlet of the expansion valve (increasing
the specific cooling capacity in evaporator) and it allows increasing the refrigerant temperature at
the compressors inlet. The combination of both effects provides a small energetic improvement to
the system as discussed by Llopis et al. [51]. Taking into account the experimental results from
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the reference, a constant thermal effectiveness of the IHX of 65% has been considered for all the
refrigeration architectures.

Table 1. Summary data table.

CC CC+BB CC+BB +PC BB BB+PC BB +PC+GEjs

Condensing Temp. (R513A) (°C) Teny +5 -
Condensing Temp. (Subcritical R744) (°C) -3 10 14.3 Teny +5
GCoyt Temp. (Transcritical R744) (°C) - Teny +2
Condenser Subcooling (R513A) (°C) 0 -
Condenser Subcooling (Subcritical R744) (°C)
DSHgyt Temp. (Subcritical R744) (°C) Tenv +5
LTg Temp. (°C) -32
MTE Temp. (°C) -8 5 9.3 -
LTg, MTg and CHX superheating (K) 5
Evaporators,yt useless superheating (K) 5
LT Load (kW) 41
MT Load (kW) 140
Flash Tank Limit Pressures (bar) - 35 35-48.5 35 35-48.5 35-48.5

o
N

3.6. Compressors

Compressors used in this study have been modelled using data from manufacturer BITZER.
Models are based on parametric adjustments of the volumetric and global efficiencies as detailed by
Equations (5)—(7), whose coefficients are presented in Appendix A. Equation (6) expresses the global
efficiency for all the compressors except MT¢ in subcritical conditions, for which the global efficiency
is modeled by Equation (7), because it get a smaller error than with Equation (6). More information
about these expressions in a hermetic compressor can be found in Sanchez et al. [52].

P .
MNyolum. = a0 + a1-Psyc + a2 Pyis + a3 (Pdls ) + a4 Vsuc (5)
suc
P
Nglobal = bo + b1-Psuc + ba-Pyis + ba- (Pdls > + by Vsue (6)
suc
Pais ) < Pais > 2 ( Pais ) ’
=ctc | 5— |+ +c3 7
ngl(’bal 0 ! (PSUC 2 PSLIC 3 PSLIC ( )

In the architectures, there are two types of compressors (subcritical and transcritical). In addition,
the transcritical compressors can work in both transcritical and subcritical mode. The compressors
chosen for LT¢ for all systems are subcritical compressors.

The MT¢ and PC chosen for transcritical boosters (BB, BB + PC, BB + PC + GEjs) are transcritical
compressors and they can operate in transcritical or subcritical mode, thus these compressors are
modelled with different equations depending on their operating mode. The MT¢ and PC chosen for
subcritical boosters (CC + SB, CC + SB + PC) are subcritical compressors and they can operate only in
subcritical mode, thus these compressors have better efficiency in subcritical mode than transcritical
compressors working in subcritical mode.

3.7. Ejectors

To model the architecture operating with gas ejectors, the thermodynamic model described by
Liu and Groll et al. [45] has been taken as reference. It considers the mass, movement, and energy
conservation equations in each ejector part. The behaviour of each part has been modelled considering
a constant efficiency of 0.8 in the motive nozzle, suction nozzle, and diffuser, as recommended by Elbel
and Hrnjak et al. [53]. In addition, a constant mass entrainment ratio (ratio of suction mass flow rate
respect to motive mass flow rate) of 0.25 has been considered, as an average value of mass entrainment
ratios analysed by Banasiak et al. [54], for the entire operating range.
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3.8. Components’ Operating Restrictions

To be as close as possible to reality, the real elements’ operating restrictions have been included in
the analysis of the refrigeration architectures to evaluate their energy performance over a wide range
of environment temperatures.

The most important operating restrictions are:

- A minimum pressure difference (AP) of 3.5 bar is needed in all the expansion valves for proper
operation and regulation [55].

- The maximum AP in the expansion valves is 35 bar, for proper operation and regulation [56].

- Compressors must always operate with a compression ratio (t) higher than 1.5, because at lower
values the compressors can be damaged [57].

- Pressure at the inlet of the PC must always to be lower than 55 bar. This is a restriction from the
compressors manufacturer.

3.9. R744 Flash Tank Pressure

The flash tank has a maximum and minimum pressure limitation. The minimum pressure
limitation is needed to keep a minimum pressure differential at the expansion valves. Although a
minimum pressure differential around 3.5 bar is needed in all the valves for proper operation [54], in a
transcritical booster, the minimum flash tank pressure considered is approximately 5 bar higher than
the pressure of the medium temperature loads [58]. Thus, for the evaporation temperature of —6 °C
(/30 bar), the minimum flash tank pressure considered will be 35 bar. This limitation is considered for
all booster system analysed.

The maximum pressure in the flash tank is limited by the maximum operational pressure
difference (MOPD) of the LTgy (35 bar) [56]. Thus, for a low temperature evaporation of —32 °C
(~13.5 bar), the maximum flash tank pressure will be 48.5 bar. A similar restriction was considered by
Pardinas et al. [59].

For booster cycles without PC but with flash gas (BB and CC + SB), the receiver pressure will be
kept constant at 35 bar because it has been proven that the system COP increases with lower receiver
pressure. Ge and Tsou et al. [60] reached the same conclusion for a booster without PC. On the other
hand, it has been proven that for booster cycles with PC (BB + PC, BB + PC + GEjs, and CC + SB + PC),
the COP is not always higher with lower pressure in the receiver, mainly due to the variable efficiency
of the compressor depending on the operating conditions. For this reason, the receiver pressure at
architectures with PC can vary between both pressure limitations considered in systems with PC
(35—48.5 bar). In addition, it has been proven that for the system with ejectors, the pressure of the
receiver also depends on the efficiency of the ejectors, mass entrainment ratio, and the pressure of the
gas-cooler, although the receiver pressure limitation will be the same (35-48.5 bar). Flash tank limit
pressures for all systems analysed are summarised in Table 1.

3.10. Transition Zone

For transcritical booster architectures, transition between transcritical and subcritical conditions
depends on the control algorithm implemented in the regulation device [61]. Figure 7 shows an
example of this regulation.

Figure 7a shows the variation of the GC/K output point according to the different operating
conditions, while Figure 7b shows the COP variation of the analysed configuration respect to the
GC/K heat rejection pressure.

According to Figure 7, the systems operating in transcritical-subcritical regime have three
operating zones: transcritical zone, subcritical zone, and transitional zone. The transitional zone marks
the progressive transition between the two other zones, to avoid sudden changes in the operation
conditions of the booster.
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Figure 7. HPCV operation for booster ((a) (P vs. h), (b) (COP vs. P)) in subcritical, transitional,
and transcritical zones.

The operation of the system in one zone or another is conditioned by the heat rejection temperature
and the desired operating condition. For all the configurations analysed in this work, the maximum
COP condition has been chosen for each of the dissipation temperatures. Thus, in transcritical
operation, the maximum COP depends on the optimum pressure and its operating conditions.
However, in subcritical operation, the maximum COP corresponds to the minimum operating
pressure, which depends on the environment temperature, the efficiency of the GC/K, working
as condenser, and the subcooling considered. The transition from one zone to the other implies a
compromise between getting the maximum COP and a stable operation of the booster, since although
the maximum COP is not achieved, the installation has a stable operation in the transition from
transcritical to subcritical.

In Figure 7, for environment temperatures above 28 °C, the system follows the transcritical
operation curve (line 1) with optimum GC/K pressures above the critical point. For an environment
temperature about 28 °C, the optimum COP is obtained at R744 critical pressure (Point A). At this
point, for lower environment temperatures, the maximum COP is achieved by keeping the GC/K
pressure in transcritical operation until it reaches an environment temperature in which the system
COP equals the transcritical one (Point B) as in subcritical operation (Point C). For lower environment
temperatures, the highest COP is obtained with the system in subcritical operation (line 2).

In order to avoid a sudden change from transcritical (point A) to subcritical operation (point C),
GC/K pressure and subcooling must be varied progressively (line A—C). Thus, the booster system
operates stably but with little COP reduction.
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3.11. Architectures” Working Cycles

The introduction of these restrictions to the refrigeration architectures, limit the operation of some
components of the refrigeration systems over all the range of environment temperatures that they need
to cover. The consequence is that a defined architecture will operate with a different cycle all over the
environment temperature range, as summarised by Figure 8 and detailed for each cycle architecture in
the following subsections.
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Figure 8. Operation of each architecture at different environmental temperatures.

3.11.1. R513A /R744 Cascade System (CC)

With the considered limitations for the expansion valves (AP > 3.5) and compressors (t > 1.5)
(Section 3.8), the cascade system operates in the R513A cycle with floating condensing pressure for
outdoor air temperatures higher than 13.7 °C. For lower temperatures, the condensing pressure is
maintained at 5.9 bar (18.7 °C) in order to guarantee the proper operation of the R513A expansion
valve (AP = 3.5).

3.11.2. R744 Basic Booster (BB)

As can be seen in Figure 8, the R744 basic booster cycle operates in four zones: optimised
transcritical cycle for outdoor air temperatures higher than 27.9 °C (TRANSC); transition zone
(TRANSI) from 27.9 °C to 23 °C as described in Section 3.10; subcritical zone (SUB) with floating
condensing pressure from 23 °C to 2.4 °C; and finally, subcritical zone maintaining the condensing
pressure of the heat rejection at 44.5 bar (9.4 °C), to avoid compression ratios lower than 1.5.
The compression ratio restriction for the MTc is more restrictive than the minimum AP at the medium
temperature expansion valve (MTgy).

3.11.3. R744 Booster + PC (BB + PC)

The R744 booster system with parallel compression (PC) operates similarly to the basic booster
(transcritical, transition, and subcritical), but operating with the PC for outdoor air temperatures higher
than 9.3 °C. Below this temperature, the compression ratio of the PC reaches 1.5, so the heat rejection
pressure is kept constant at 52.5 bar (tpc = 1.5). For temperatures below 8.6 °C, the COP of the BB + PC
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is lower than the BB, therefore, below this outdoor air temperature, the PC is disconnected and the
system starts operating as BB, thus, from 8.6 °C to 2.4 °C, the refrigerating plant operates as a BB with
floating condensing pressure, and below 2.4 °C, the heat rejection pressure is kept constant at 44.5 bar
to avoid a compression ratios in MT¢ lower than 1.5.

3.11.4. R744 Booster + PC + Gas Ejectors (BB + PC + GEjs)

The R744 booster system with gas ejectors and parallel compression operate in transcritical,
transition, and subcritical conditions for outdoor air temperatures higher than 18.5 °C. At this
temperature (18.5 °C), the flash tank pressure reaches 35 bar, so, from 18.5 °C to 18 °C, the GC/K
pressure is kept constant at 65.2 bar. Below 18 °C, the COP of the BB + PC + GEjs is lower than the
BB + PC, therefore, below this environmental temperature, the GEjs are disconnected and the system
starts operating as BB + PC, thus for lower outdoor air temperature, the operation is the same as
described for the BB + PC.

3.11.5. R513A Cascade + R744 Subcritical Booster (BB + SB)

The R513A cascade with R744 subcritical booster operates with floating condensing pressure at
the HT cycle for outdoor air temperatures above 21 °C. At this temperature (21 °C), the AP in the HT
expansion valve is of 3.5 bar, so, below this value, the HT condensing pressure is kept constant at 7.3 bar.
From 21 °C to 20 °C, the pressure of the HT condenser is kept constant but for lower temperatures
than 20 °C, the COP of the BB is greater than the BB + SB, therefore, below 20 °C, the facility operates
as a R744 basic booster as previously described.

3.11.6. R513A Cascade + R744 Subcritical Booster + PC (BB + SB + PC)

The R513A cascade with R744 subcritical booster and parallel compression operates with floating
condensing pressure at the HT cycle for outdoor air temperatures above 23.8 °C. At this temperature
(23.8 °C), the compression ratio of the parallel compressors is lower than 1.5, and consequently the
dissipation pressure of the R513A cycle must be kept constant at 7.9 bar. The limit in this case occurs
at higher environment temperatures (23.8 °C) than the previous architecture because the use of the
parallel compression raises the R744 condensing level to avoid a compression ratio of PC lower than
1.5. So, from 23.8 °C to 22.9 °C, this system operates like a cascade with fixed condensing pressure at
the R513A cycle. For outdoor environmental temperatures below 22.9 °C, the COP of the BB + SB + PC
architecture is lower than that of BB + PC, the R513A cycle is disconnected, and the system starts
working as a booster with parallel compression (BB + PC) as described previously.

3.12. Other Considerations

In addition to the specific limitations considered in each architecture, the following considerations
and assumptions are taken to obtain the energy results of all the configurations:

- Heat rejection pressures: the evaluation of the energy efficiency of each architecture is computed
at the optimum heat rejection pressure corresponding to the pressure that maximises COP.

- Pressure drops and heat losses with environment are neglected.

- The ejectors are modelled as if they operated at maximum efficiency throughout the temperature
range analysed.

- The motive and secondary flows have the same pressure at the ejectors mixing zone inlet.

- Kinetic energy at the inlet and outlet of the ejectors are considered as negligible.

- All the thermo-dynamic properties were evaluated using Refprop 9.1 [62] and all architectures
are modelled with Matlab (2016b, Mathworks, USA) and VBA (2016, Microsoft, USA).
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4. Results and Discussion

This section is devoted to presenting the results of the performance evaluation of all the
architectures presented in Section 2. The systems are evaluated using the models and assumptions
detailed in Section 3 for a range of environment temperatures from 0 to 40 °C.

The first part is dedicated to analysing the COP and capacity over the whole environment
temperature range. For this range, the emphasis is on the evaluation of the compressor displacements
and the optimum operating pressures. The second part is devoted to presenting the energy
consumption of the systems with the conditions summarised in Section 3.4 in several representative
cities of Spain and Portugal.

4.1. COP

The COP evolution for each refrigeration architecture, evaluated with Equation (8), over the
range of environment temperatures is presented in Figure 9. The COP values are the optimum at each
outdoor air temperature, considering optimised heat rejection pressure and working cycle according
to Figure 8.

+
COP = Qouy + Qour ®)
Pepre + Pemre + Pepe + Pegrsizac
Compressor power is calculated using Equation (9).
P = mg; (houti - hini) )

Tglobal,

As it can be observed in Figure 9, for environment temperatures above 14 °C, R513A /R744 cascade
(CC) presents the highest COP among all the configurations with a significant COP increase compared
to transcritical boosters. However, for environment temperatures below 12 °C, all booster architectures
present higher COP in relation to CC. This is mainly because at low environment temperatures, the high
temperature cycle of the cascade is forced to condensate at a fixed pressure to avoid small pressure
differentials in the HT expansion valve, as analysed in Section 3.8.
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Figure 9. Systems’ COP at different environment temperatures.
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On the other hand, basic booster has the lowest COP of the booster systems for the whole range
of analysed temperatures, but for outdoor air temperatures below 9 °C, all transcritical boosters
(BB, BB + PC, and BB + PC + GEjs) have identical COP because for temperatures lower than 9 °C,
these systems operate as BB, however, the subcritical boosters (CC + SB and CC + SB + PC) have higher
COP than any other system analysed for temperatures below 12 °C for CC + SB and below 14 °C
for CC + SB + PC. This is mainly due to the fact that these two systems use subcritical compressors
which have better performance than transcritical ones working in subcritical condition. For all booster
architectures, for environmental temperature of 2.4 °C, the limitation of the minimum compression
ratio at MTc is achieved, so below this temperature, the rejection pressure in the R744 cycles is
kept constant.

For outdoor air temperatures between 14 and 30 °C, all improved boosters have similar COP
but with an important COP improvement compared to the BB, mainly for temperatures above 20 °C.
For high environment temperatures (above 30 °C), the COP differences increase between R744 boosters,
with the CC + SB + PC architecture having the highest COP, followed by CC + SB with a similar COP,
then the BB + PC + GEjs, BB + PC, and finally the BB.

The COP differences between each architecture compared to the R513A /R744 cascade (CC) and
R744 basic booster (BB) are presented in Figures 10 and 11, respectively, and summarised in Table 2.
The COP variations are obtained with Equations (10) and (11).

COP; — COPcc | o

COPcc (10)

COP; — COPgg
T BB
COPgp 00

In relation to the R513A /R744 cascade, all booster architectures present COP improvements for
environment temperatures from 0 °C to 12 °C. On the one hand, these improvements range from 48%
to 0% for transcritical boosters (BB, BB + PC, and BB + PB + GEjs) with hardly any difference between
them. Accordingly, these booster improvements are not justified for temperatures below 12 °C. On the
other hand, cascaded subcritical boosters (CC + SB and CC + SB + PC) have a COP improvement
in relation to CC from 56% to 0%, with a small COP improvement over the BB up to 5.4-7.3% for
environment temperatures from 0-12 °C.

ACOP; /(%) = (11)
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Figure 10. COP increment of each system with respect to R513A /R744 cascade.
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Figure 11. COP increment of each system with respect to R744 basic booster.

Table 2. COP variation of each architecture compared with the R513A /R744 cascade (CC) and R744

basic booster (BB).

T BB BB + PC BB + PC + GEjs CC+SB CC+SB+PC
air

(°C) ACOPcc ACOPgg ACOPcc ACOPgg ACOPcc ACOPgg ACOPce ACOPgg ACOPcc  ACOPgg

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 47.95 - 47.95 0.00 47.95 0.00 56.03 5.46 56.03 5.46
5 33.16 - 33.16 0.00 33.16 0.00 39.88 5.05 39.88 5.05
10 8.99 - 12.29 3.03 12.29 3.03 13.44 4.08 16.62 7.00
15 —7.42 - —3.12 4.64 —3.12 4.64 —4.57 3.08 —0.43 7.55
20 —13.89 - —7.75 713 —5.54 9.69 —12.51 1.60 —6.30 8.82
25 —19.53 - —11.54 9.93 —7.45 15.02 —9.50 12.46 —8.55 13.65
30 —26.19 - —14.07 16.42 —10.61 21.11 —8.95 23.36 —7.90 24.78
35 —35.12 - —23.04 18.63 —18.92 24.97 —8.36 41.24 —7.18 43.07
40 —41.48 - -29.32 20.79 2427 29.40 ~7.41 58.23 ~5.98 60.66

However, for temperatures above 14 °C, the COP of all booster architectures falls below that
offered by the R513A /R744 cascade. The reductions in COP in relation to the R513A /R744 cascade
solution vary from 0 to 41.5% for the BB, from 0 to 29.3% for the BB + PC, and from 0 to 24.3% for
BB + PC + GEjs, whereas the reductions of cascaded R744 subcritical boosters are small; for the CC + SB
architecture, the reductions vary from 0 to 7.4% and for the CC + SB + PC from 0 to 6%. These COP
variations of each architecture with respect to the BB and CC are summarised in Table 1.

In booster architectures, improved transcritical boosters get COP increments over the BB,
for outdoor air temperatures above 8.6 °C, up to 20.8% for BB + PC and up to 29.4% for BB + PC + GEjs,
however, cascaded subcritical boosters have COP increments from 1.6 to 58.2% for CC + SB and from
5% to 60.7% for CC + SB + PC with respect to BB for whole range of temperatures analysed.

4.2. Displacement of Compressors

In this subsection, the displacement of each type of compressor rack and its variation range is
presented and discussed for all the environment temperatures. This parameter allows one to select the
number and the size of the compressors to be installed at the refrigerating facility. Calculations are
made considering refrigeration heat loads for MT and LT established in Section 3.4. The results of the
range of displacement calculated for each compressor rack are analysed graphically in the next figures
(summarised in Table 3).
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The displacement of the compressors are related to the volumetric efficiency, mass flow rate,
and the density of the refrigerant in the suction side. The displacements for the compressors are
obtained using Equation (12).

m
nvol(o/o) == L (12)
Vdisp P (Tsuction/ Psuction )

The next table presents the maximum and minimum compressor displacements, as well as their
variation over the environment temperature range from 0 to 40 °C. Each compressor’s rack for each
architecture is denoted by a letter and a number to be easily identified in the graphs. The ranges of
displacement shown in Table 2 are an output result of the computation model.

4.2.1. Low Temperature Compressors (LTc)

The LTc use R744 as refrigerant and the displacement for each architecture, all over the
environment temperature range, is presented in Figure 12. For this compressor rack, BB + PC gets
the largest displacements because the flash tank optimum pressure increases for higher outdoor air
temperatures, so the enthalpy increment in LT is reduced and, for the same cooling capacity, the mass
flow rate through LTg and LTc increases. The same happens with the other systems with parallel
compression (BB + PC + GEjs and CC + SB + PC).

For this type of compressor, the differences between all architectures are smaller, with a maximum
displacement variation from 0 to 40 °C of +7.6% for BB + PC, for a fixed cooling capacity of 41 kW.

Other architectures have similar LT¢ displacement in the whole range of temperatures because
the conditions before and after the LT are similar. In R513A /R744 cascade, the HT cycle forces the
R744 cycle to work in similar conditions, and for R744 boosters without PC, the flash tank keeps a
constant pressure of 35 bar.

For outdoor air temperatures above 23 °C, the CC + SB + PC operates with the minimum pressure
in the flash tank (35 bar) like architectures without PC, because this system is limited by the compression
ratio of the PC when operates with R513A cycle. For lower temperatures, the R513A compressor of the
HT cycle is disconnected and this architecture works as SB + PC with a slight difference in displacement
compared to the compressors A2 used in BB + PC architecture, because these architectures operate
with a different model of compressors.
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Figure 12. Low temperature compressor displacement.
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4.2.2. Medium Temperature R744 Compressors (MTc)

MTc displacement for each booster architecture is presented in Figure 13 for the entire
environmental temperature range. The MT¢ with larger variation of displacement corresponds
to the BB system (B1), with a maximum displacement of 94 m®-h~! and a minimum of 42.2 m3-h~1.
This represents a displacement variation of 38.1%. However, improved boosters allow reductions in
the MT¢ displacement between 38% and 73% compared to the BB, where a booster with ejectors is the
system with greatest displacement reduction. For this rack of compressors, due to their displacement
variations, it is necessary to use variable frequency drives in order to satisfy the cooling demand.
This affects the final cost of the architectures.

«+ « Basic Booster

% Booster + PC ot N
— — Booster + PC + Gas-Ejectors RN
—— Cascade + Subcitical Booster Lo

80 - -~ Cascade + Subcritical Booster + PC TN *

MT, displacement (m®/h)

Outdoor air temperature (°C)

Figure 13. Medium temperature compressor displacement.

4.2.3. R744 Parallel Compressors (PC)

Parallel compressor displacements are presented in Figure 14. As can be observed for the three
configurations, the range of displacement needed to cover the entire operating range (040 °C) is 60.9%
for BB + PC system, 79.9% for BB + PC + GEjs, and 24% for PC. These large variations in displacement
are important because, according to the compressor’s manufacturers, the maximum variation range is
generally £40% [49]. For transcritical boosters with PC (BB + PC and BB + PC + GEjs), the variation
range will force one to design the parallel compression rack using more than one parallel compressor
if the facility is designed for outdoor air temperatures between 8.6—40 °C. Otherwise, for a subcritical
booster (BB + SB + PC), this variation can be absorbed by only one compressor.
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Figure 14. Parallel compressor displacement.
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4.2.4. R513A Compressors

R513A compressor displacements for CC, CC + SB, and CC + SB + PC are detailed in Figure 15.
It needs to be mentioned that the displacement of these compressors is of another magnitude than
of the R744 ones due to the different specific volumes of R513A. The first observation that can be
made is that the CC systems need practically double displacement compared to the configurations
of cascaded R744 subcritical booster systems. That is because the R744 condensing level with the
cascade is lower than in the other systems. In addition, the variation range of displacement for this
configuration remains below 20.9% in all environments. It is important to clarify that the refrigerant
R513A is more expensive than R744, so this affects to the final cost of the cascaded systems, although
R744 compressors are more expensive than these.
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Figure 15. R513A compressor displacement.

4.3. Maximum Operating Pressures

Another important aspect to be mentioned regarding the refrigeration architectures corresponds
to the maximum operating pressures, which condition the classification of the plant regarding safety.
Figure 16 presents the optimum working pressures of all the compressors in all the environment
temperature range, and Table 4 collects their maximum operating pressures. As it can be observed, the
range of pressure needs to be considered. First, the transcritical boosters (BB, BB + PC, BB + PC + GEjs)
present maximum operating pressures in the evaluated range near 100-106 bar. Next, the cascaded
R744 subcritical booster systems present a maximum working pressure below 67-72 bar. Finally,
the cascade solution has a maximum R744 working pressure below 35 bar.
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Figure 16. Optimal pressure at different environment temperatures.
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Table 4. Maximum optimum pressures.

CYCLE Max Popt (R744) (bar) Max Popt (R513A) (bar)
BB 105.8
BB + PC 100.8
BB + PC + GEjs 102.7
CC 322 12.2
CC +SB 67.4 12.2
CC+SB +PC 721 12.2

4.4. Annual Energy Consumption (AEC)

This section presents the annual energy consumption of the different analysed refrigeration
architectures for some representative cities of Spain and Portugal. The outdoor air temperatures for
each city are obtained using the EnergyPlus tool [63] to simulate the systems” hourly performance.

The energy consumption over 24 h throughout an entire year represents the estimated energy
consumption of the refrigeration system for supplying the refrigeration loads detailed in Section 3.4.
The heat load profile of the systems always considers the inside of the supermarket to be at the same
conditions, since they are air-conditioned, and only takes into account a different heat load factor
(LF) depending on the opening or closing schedule of the supermarkets. In this case, 100% heat load
factor has been considered from 7:00 a.m. to 10:00 p.m. and 50% from 10:00 p.m. to 7:00 a.m. for all
the days of the year. The COP of each refrigeration architecture has been considered at its optimum
conditions, those detailed in Figure 9. The annual energy consumption for each location is calculated
using Equation (13).

Qorr + QOMT LF
AEC(kWh) —Dn, 13
mZ:1 HZ:l COPy,, 100 (13)

Figure 17 represents the annual energy consumption of each architecture for each location, as well
as their average annual temperature, and Figure 18 represents the energy consumption variation of
each one, calculated by Equation (14), in relation to the R513A /R744 cascade configuration, which is
considered as a reference system in warm climates.

AE;(%) = Ecicc -100 (14)

From the results presented in Figure 17, the following inferences can be made:

e  For locations with lower annual average temperature (Burgos and Leén), all the analysed
booster architectures offer energy consumption reductions compared to the R513A/R744
cascade. They range from 3.9% for the BB system, to 14.5% for the BB + SB + PC system.
Between transcritical booster architectures, the best performing system for these locations is the
BB + PC + GEjs, however the additional investment cost due to addition of parallel compressors
and gas ejectors must be amortised by the energy consumption reduction, which reaches 5.3%
compared to the BB system and only 1% over the BB + PC. The same happens with subcritical
booster architectures at these locations, where CC + SB + PC only reaches an energy reduction of
2.1% with respect to the same system without PC.

e For locations with annual average temperature from 13 to 15 °C (Madrid, Oporto and
Barcelona), all improved boosters offer similar energy consumption to the R513A /R744 system.
The differences in energy consumption are below 3% for all improved boosters, except for
CC + SB + PC in Madrid with an energy reduction up to 4.2%. Accordingly, the construction cost
of the architecture will be the determinant conditions.

e  For the locations with the highest temperatures (Lisbon, Valencia, and Seville) the best performing
system is the R513A /R744 cascade. All booster architectures present higher energy consumption.
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For Lisbon and Valencia, the BB presents an energy increment of 10%, the BB + PC around 4%,
the BB + PC + GEjs about 2.3%, 4.2% for CC + SB, and the CC + SB + PC around 1.3%. Accordingly,
for these annual temperatures, all systems except the BB would be recommended.

e  Finally, in Seville, the gap in energy consumption, in relation to R513A/R744 cascade, increases,
with BB + PC + GEjs and cascaded R744 subcritical boosters being the architectures with an
increase in energy consumption below 5%. For this location, BB presents an energy increase of
14.2%, 6.7% for BB + PC, 4.5% for BB + PC + GEjs, 5% for CC + SB, and 2.4% for CC + SB + PC.

To summarise the energy consumption results, it can be affirmed that for locations with
annual average temperature below about 13 °C, the R744 booster architectures are recommended.
For intermediate annual temperatures about 13-15 °C, all systems except BB offer a similar annual
energy consumption. For higher outdoor air temperatures, the cascade is clearly the best solution,
from an energy point of view, to get lower annual energy consumption. For improved booster architectures,
the one with the lowest annual consumption for all the locations analysed is CC + SB + PC, but focusing
on the transcritical booster architectures, the one with the lowest annual consumption for all the locations
analysed is BB + PC + GEjs. It needs to be said that the comparison has been made taking into account
the energy consumption of the architectures, and no environmental or cost analysis has been included.
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Figure 17. Annual energy consumption in different cities.
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Figure 18. Energy increment with respect to R513A /R744 cascade in different cities.
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4.5. Environmental Comparison

Finally, this section analyses the TEWI for all architectures evaluated in this work. This parameter
includes the direct and indirect contributions to the greenhouse effect due to direct and indirect CO,
emissions. On the one hand, the direct contribution refers to equivalent CO, emissions originating
from the refrigerant losses (leakage and non-recovered refrigerant, Equation (15)). On the other hand,
the indirect impact refers to CO, emissions due to energy consumption of the systems, Equation (16).
Equation (17) has been used to compare the TEWI of each architecture.

TEWIpirect = [GWP'Mleakage‘n} + [GWP‘Mref'(l - 0()} (15)
TEWIndirect = [HAEC[S] (16)
TEWI = TEWIpirect + TEWIindirect 17)

To compare all architectures, it is necessary to consider some assumptions and so the
standardised method proposed by AIRAH [64] was used as well as other assumptions adopted
by Karampour et al. [65] and EMERSON Climate Technologies [49]. The basis for the TEWI evaluation
is the following:

e  GWDPs of R513A and R744 are 629 and 1, respectively (AR4, [2]).

e  Refrigeration capacity of 140 kW for MT, 41 kW for LT, and 190 kW for CC + SB and CC + SB + PC
high stage evaporators.

e  Refrigerant charge has been evaluated according to EMERSON Climate Technologies (2010) [49]
and Karampour et al. [65]. These charges are:

- 4kg/kW: DX LT Centralised [49,65].

- 2kg/kW: DX MT Centralised [49,65].

- 3 kg/kW: R744 Boosters (LT and MT) [65].

- 0.75 kg/kW: high stage in CC + SB and CC + SB + PC [65].

Annual leakage rate of 15% for all systems and 5% at high stage in CC + SB and CC + SB + PC [49,64].
System lifetime of 10 years [49,64].

95% of the refrigerant charge is recovered after 10 years [49,64].
e  The CO, emissions considered are 0.258 kgCOZ,equ'kWh71 which is an annual average value for
locations in the Iberian Peninsula in 2017 [66].

TEWTI analysis results are shown in Figure 19. TEWI values of the reference architecture (CC) are
higher than for all booster architectures for the analysed locations. This is because CC architectures
use working fluids in MT with GWP values much higher than R744 and although CC has lower energy
consumption than booster architectures in several locations, the direct contribution to the greenhouse
gas emissions of CC is higher than for booster architectures.

Figure 20 shows the TEWI ratio of CC in relation to all booster architectures for each location
analysed, which is calculated with Equation (18). A TEWI reduction from 7% to 31% is achieved with
the R744 booster architectures since these systems have lower greenhouse gas emissions than the
R513A /R744 cascade cycle, however, TEWI reductions between improved booster architectures are
similar in the locations analysed.
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Figure 19. Total Equivalent Warming Impact (TEWI) value in the cities analysed.
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Figure 20. TEWI reductions with respect to R513A /R744 CC.

5. Conclusions

This work has analysed thermodynamically different refrigeration architectures which provide
service simultaneously to medium and low temperature levels. These refrigeration architectures are
in agreement with the new European Regulation 517/2014 and are candidates to replace the existing
systems for supermarket refrigeration.

Systems have been evaluated using detailed thermodynamic models close to reality,
where operating restrictions of ejectors, expansion valves, and compressors have been included.
These restrictions determine the operating cycle of each architecture over the environment temperature
range analysed (0 to 40 °C). The evaluation has covered the energetic performance of the architectures
in their optimum conditions and their energy consumption in a medium-sized supermarket for
different representative cities in Southern Europe.
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From the performance evaluation, it has been concluded that for outdoor air temperatures below
12 °C, booster architectures present higher COP compared to CC, with COP improvements up to 48%
for transcritical booster architectures (BB, BB + PC, BB + PC + GEjs) and up to 56% for subcritical booster
architectures (CC + SB, CC + SB + PC). Below 9 °C, all booster architectures operate as subcritical
BB. For the temperature range 9-12 °C, although improved boosters get COP increments over the BB,
the COP increments between boosters are small, so for outdoor air temperatures below 12 °C, the use
of these improved architectures is not entirely justified from an economic point of view.

For environment temperatures above 14 °C, R513A /R744 cascades (CC) get the highest COP
among all the architectures, with COP improvements up to 41.5% over BB, 29.3% for BB + PC, 24.3 for
BB + PC + GEjs, 7.4% over CC + SB, and only up to 3% with respect to CC + SB + PC.

For environment temperatures between 14 °C to 30 °C, all improved boosters have similar COP
with significant COP increase regarding BB, mainly for temperatures above 20 °C. For temperatures
above 30 °C, the COP between improved boosters is no longer similar, with CC + SB + PC being the
booster architecture with the highest COP, followed by CC + SB with a similar COP, then BB + PC + GEjs,
BB + PC, and finally BB. Subcritical boosters offer COP improvements at 40 °C compared to transcritical
boosters up to 24.2% (BB + PC + GEjs), 30.2% (BB + PC), and 60.8% (BB), with the architecture with
ejectors being the transcritical booster with the highest COP, with an increase up to 7.2% regarding
BB + PC and up to 29.5% with respect to BB.

To counteract the cooling loads of a medium sized supermarket, taken as reference in this study,
it has been observed that the R744 basic booster presents the largest R744 MT compressors, which are
the ones that most affect the final consumption of the facility. In BB + PC and BB + PC + GEjs systems,
the PC operates with high displacement variations, so more than one parallel compressor is needed in
these boosters.

From the energy consumption analysis along a year in different locations of Southern Europe,
it has been determined that for areas with annual average temperature below 13 °C, all booster
architectures offer energy consumption reductions in relation to the CC. For these locations, the best
performing system is CC + SB + PC and the transcritical booster with the lowest consumption is
BB + PC + GEjs, with energy consumption reductions with respect to CC from 3.9% for the BB,
to 14.5% for the BB + SB + PC. For locations with annual medium temperature from 13 to 15 °C,
all improved boosters offer similar energy consumption to CC, with differences in energy below 3%.
Finally, locations with annual medium temperature higher than 15 °C, R513A /R744 cascade is the
architecture with lowest annual energy consumption, with energy reductions of 14.2% compared to
BB, 6.7% for BB + PC, 4.5% for BB + PC + GEjs, 5% for CC + SB, and 2.4% for CC + SB + PC.

Finally, TEWI analysis shows that the lowest value in all locations analysed is obtained by R744
transcritical boosters with a similar value between BB + PC and BB + PC + GEjs, which is mainly due
to the high charges of refrigerant with higher GWP than R744 for the architectures with R513A.

The thermodynamic analysis done in this study shows that improved boosters obtain similar
energy consumptions to R513/R744 cascades for locations in warm climates, with the R513A
cascaded-R744 subcritical booster with parallel compression being the booster architecture with
the lowest energy consumption in the locations analysed.
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Nomenclature

Abbreviations

AAET annual average environment temperature (°C)

AC air conditioning

AEC annual energy consumption (kWh-year~1)

BB basic booster

CcC cascade cycle

CHX cascade heat exchanger

Ccop coefficient of performance

d displacement (m3-h~1)

D number of days

DSH desuperheater

DX direct expansion

d_var displacement variation (%)

E energy (kWh)

Ej ejector

ETD environment temperature difference (K)

GEjs gas ejectors

FG flash gas

GC/K heat exchanger that works as gas-cooler or desuperheater in transcritical and as condenser
in subcritical.

GWP global warming potential

h specific enthalpy (kJ-kg ™)

H hour

HC Hydrocarbon

HEFC hydro fluoro carbon. Referring to R513A refrigerant

HFO hydro fluoro olefin.

HPCV high pressure control valve

HT high temperature

THX internal heat exchanger

LT low temperature

LF heat load factor (%)

m month

m mass flow rate (kg-s_l)

M mass (kg)

n system lifetime (years)

MOPD maximum operational pressure difference (bar)

MT medium temperature

P pressure (bar)

Pc power consumption (kW)

PC parallel compressors/parallel compression

Q cooling capacity (kW)

SB subcritical booster

STD standard temperature deviation (K)

Sub degree of subcooling (in subcritical conditions) (K)

SUB subcritical operation

SWEC Spanish Weather for Energy Calculations

T temperature (°C)

t compression ratio

TEWI Total Equivalent Warming Impact (toncoz,equ)

TRANSC transcritical operation

TRANSI transitional operation

v specific volume (m? ~kg’1)

var variable
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Vdisp displacement (m®-s~1)

VBA Visual Basic for Applications
Greek symbols

o recycling factor of the refrigerant
B indirect emission factor (kgCO, -kWh—1)
n efficiency

A increment

0 density (kg-m %)

Subscripts

R744 referring to R744 circuit

R513A referring to R513A circuit

CHX cascade heat exchanger

GC gas-cooler or desuperheater

C compressors

dis discharge

env environment

K condenser

E evaporator

EV expansion valve

LT low temperature

MT medium temperature

O evaporating level

leakage refrigerant leakage

max maximum

min minimum

ref refrigerant

SEC refers to secondary flow in ejectors
suc suction

\% valve

volum. volumetric

Appendix A. Compressor Coefficients

The coefficients used for modelling each compressor are detailed in this appendix. They have been obtained
from the real operating curves of the compressors provided by the manufacturers, both in transcritical and
subcritical operation.

Using these coefficients with Equations (5)—(7), we can obtain the global and volumetric efficiency of each
compressor used in this work for the entire operating range.

Compressor Refrigerant Compressor Operating System Coefficients
Type Mode
Nvolum. Tglobal
a0 1.054269689 b0 0.558531883
HFCc CccC al 0.002487651 b1l —0.0653248
(6FE-44Y) R513A Subcritical Subcritical CC+SB a2 —0.009678312 b2 0.0354848
CC +SB+PC a3 —0.007210402 b3 —0.046919092
a4 —1.10136203 b4 1.012723931
CcC a0 1.079482348 b0 0.622642122
CC+SB al 0.008315932 b1l —0.00224251
LTe R744 Subcritical Subcritical CC+SB+PC a2 ~0006455476 b2 0005639549
(2ESL-4K) BB a3 —0.021919084 b3 —0.082177859
BB + PC
BB + PC + GEjs a4 —2.55054527 b4 3.353632409
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a0 0.965626672 <0 —0.302399694
al 0.004788087 cl 1.184852917
Subcritical a2 —0.002646382 2 ~0.46751257
BB a3 —0032284071 3 0.060394265
MTc a4 —0.680966051
scriti BB + PC
(4FTC-20K) Rra Transeritical BB ares Grjs a0 ~002000972 b0 0.847488488
al 1.092295905 b1 —0.006472439
Transcritical a2 0.001054646 b2 0.001908872
a3 —0.002270644 b3 —0.090839418
ad —0.02000972 b4 5321003429
a0 —4252830196 <0 ~0.154129231
VI wm sweial swemel (SO & owwin o osecwsy
(@OME7I CCrsBerC a3 0039423238 3 0.06096634
a4 -6.922851325
a0 1.064450854 b0 0.754943632
al 0.001960619 b1 —0.012442215
Subcritical a2 —0001653461 b2 0.011749996
a3 —0073049783 b3 —0.333783866
PC R7A4 Transeritical BB +PC ad —1.718699602 b4 17.80582359
(4MTC-10K) serifie BB + PC + GEjs a0 1052753205 0 0714231431
al 0.002008184 cl —0.004470091
Transcritical a2 ~0001612749 2 0.004286052
a3 ~0.054916991 3 ~0.183037087
a4 —4547670512  c4 17.57882968
a0 1.333657271 b0 0.681542314
pC al —0.001724897 bl ~0.002254769
(2GMEAK) R744 Subcritical Subcritical CC + 5B + PC a2 —000460297 b2 0.002217279
a3 —0024718001 b3 ~0.12237903
a4 —9.932359991 b4 9.903497011

References

1. Francis, C.; Maidment, G.G.; Davies, G.F. An investigation of refrigerant leakage in commercial refrigeration.
Int. |. Refrig. 2016, 74, 12-21. [CrossRef]

2. Solomon, S.; Qin, D.; Manning, M.; Marquis, M.; Averyt, K.; Tignor, M.; Miller, H.L.; Chen, Z. Climate Change
2007 The Physical Science Basis. Available online: http://www.ipcc.ch/pdf/assessment-report/ar4/wgl/
ar4_wgl_full_report.pdf (accessed on 13 July 2018).

3. European Parliament, Regulation (EU) No 517/2014 of the European Parliament and of the Council of
16 April 2014 on Fluorinated Greenhouse Gases and Repealing. 2014. Available online: http://eur-lex.
europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0517&from=EN (accessed on 7 April 2018).

4. British Refrigeration Association Action Group. Putting into Use Replacement Refrigerants. 2015.
Available online: http://www.henrytech.co.uk/wp-content/uploads/2015/09/BRA-on-PURR-report_
09-2015.pdf (accessed on 8 April 2018).

5. The Institute of Refrigeration; The British Refrigeration Association. The Carbon Trust, Refrigeration
Road Map. 2010. Available online: https://www.epa.gov/sites/production/files/documents/
refrigerationroadmap.pdf (accessed on 12 January 2018).

6.  Sanz-Kock, C.; Llopis, R.; Sanchez, D.; Cabello, R.; Torrella, E. Experimental evaluation of a R134a/CO,
cascade refrigeration plant. Appl. Therm. Eng. 2014, 73, 41-50. [CrossRef]

7. Wang, K; Eisele, M.; Hwang, Y.; Radermacher, R. Review of secondary loop refrigeration systems.
Int. ]. Refrig. 2009, 33, 212-234. [CrossRef]

8.  Sanchez, D.; Llopis, R.; Cabello, R.; Catalan-Gil, J.; Nebot-Andrés, L. Conversion of a direct to an indirect
commercial (HFC134a/CO,) cascade refrigeration system: Energy impact analysis. Repos. Univ. Jaume I 2016.
[CrossRef]

9. Llopis, R.; Sanchez, D.; Cabello, R.; Catalan-Gil, J.; Nebot-Andrés, L. Conversion of a Direct to an Indirect
Refrigeration System at Medium Temperature Using R-134a and R-507A: An Energy Impact Analysis.
Appl. Sci. 2018, 8, 247. [CrossRef]

10.  Shecco. F-Gas Regulation Shaking up the HVAC&R Industry. 2016. Available online: http://publication.

shecco.com/upload/file/org/57fe03c438c881476264900fdfko.pdf (accessed on 1 February 2018).

44



Energies 2018, 11,1915

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Sawalha, S. Investigation of heat recovery in CO, trans-critical solution for supermarket refrigeration.
Int. ]. Refrig. 2013, 36, 145-156. [CrossRef]

Karampour, M.; Sawalha, S. Performance and Control Strategies Analysis of a CO, Trans-Critical Booster
System. In Proceedings of the 3rd IIR International Conference on Sustainability and the Cold Chain,
ICCC 2014, London, UK, 23-25 June 2014; p. 8. Available online: https:/ /www.researchgate.net/publication/
281583942_Performance_and_control_strategies_analysis_of_a_CO2_trans-critical_booster_system
(accessed on 18 June 2018).

Hafner, A.; Poppi, S.; Neksa, P.; Minetto, S.; Eikevik, T.M. Development of Commercial Refrigeration Systems
with Heat Recovery for Supermarket Building. In Proceedings of the 10th IIR-Gustav Lorentzen Conference
on Natural Working Fluids (GL2012), Delft, The Netherlands, 25-27 June 2012; p. 11.

Karampour, M.; Sawalha, S. Supermarket Refrigeration and Heat Recovery Using CO, as Refrigerant;
Swedish Energy Agency: Stockholm, Sweden, 2014.

Karampour, M.; Sawalha, S. Energy efficiency evaluation of integrated CO, trans-critical system in
supermarkets: A field measurements and modelling analysis. Int. |. Refrig. 2017, 82, 470-486. [CrossRef]
Hafner, A; Hemmingsen, A.K. R744 Refrigeration technologies for supermarkets in warm climates.
In Proceedings of the 24th International Congress of Refrigeration, Yokohama, Japan, 16-22 August 2015.
Gullo, P; Elmegaard, B.; Cortella, G. Energy and environmental performance assessment of R744 booster
supermarket refrigeration systems operating in warm climates. Int. J. Refrig. 2016, 64, 61-79. [CrossRef]
Llopis, R.; Nebot-Andrés, L.; Cabello, R.; Sdnchez, D.; Catalan-Gil, J. Experimental evaluation of a CO,
transcritical refrigeration plant with dedicated mechanical subcooling. Int. |. Refrig. 2016, 69, 361-368. [CrossRef]
Sénchez, D.; Catalan-Gil, J.; Llopis, R.; Nebot-Andrés, L.; Cabello, R.; Torrella, E. Improvements in a CO,
transcritical plant working with two different subcooling systems. In Proceedings of the 12th IIR Gustav
Lorenzen Natural Working Fluids Conference, Edinburgh, UK, 21-24 August 2016.

Hafner, A_; Forsterling, S.; Banasiak, K. Multi-ejector concept for R-744 supermarket refrigeration. Int. J. Refrig.
2014, 43, 1-13. [CrossRef]

Gullo, P; Hafner, A_; Cortella, G. Multi-ejector R744 booster refrigerating plant and air conditioning system
integration—A theoretical evaluation of energy benefits for supermarket applications. Int. |. Refrig. 2016, 75,
164-176. [CrossRef]

Minetto, S.; Brignoli, R.; Zilio, C.; Marinetti, S. Experimental analysis of a new method for overfeeding
multiple evaporators in refrigeration systems. Int. J. Refrig. 2013, 38, 1-9. [CrossRef]

Purohit, N.; Kumar Gupta, D.; Sankar Dasgupta, M. Energetic and economic analysis of trans-critical CO,
booster system for refrigeration in warm climatic condition. Int. J. Refrig. 2017, 80, 182-196. [CrossRef]
Hafner, A. Integrated CO, system for refrigeration, air conditioning and sanitary hot water. In Proceedings
of the 7th IIR Ammonia and CO, Refrigeration Technologies Conference, Ohrid, Macedonia,
11-13 May 2017; Available online: http://wwwiifiir.org/clientBookline/service /reference.asp?
INSTANCE=EXPLOITATION&OUTPUT=PORTAL&DOCID=IFD_REFDOC_0021729&DOCBASE=IFD_
REFDOC&SETLANGUAGE=FR (accessed on 9 April 2018).

Ge, Y.T.; Tassou, S.A.; Suamir, I.N. Prediction and analysis of the seasonal performance of tri-generation and
CO; refrigeration systems in supermarkets. Appl. Energy 2013, 112, 898-906. [CrossRef]

Polzot, A.; Dipasquale, C.; D’Agaro, P; Cortella, G. Energy benefit assessment of a water loop heat pump
system integrated with a CO, commercial refrigeration unit. Energy Procedia 2017, 123, 36—45. [CrossRef]
Sawalha, S. Theoretical evaluation of trans-critical CO, systems in supermarket refrigeration. Part I:
Modeling, simulation and optimization of two system solutions. Int. |. Refrig. 2007, 31, 516-524. [CrossRef]
Sawalha, S. Theoretical evaluation of trans-critical CO, systems in supermarket refrigeration. Part II:
System modifications and comparisons of different solutions. Int. |. Refrig. 2007, 31, 525-534. [CrossRef]
Sawalha, S.; Soleimani, A.; Rogstam, J. Experimental and Theoretical Evaluation of NH;/CO, Cascade
System for Supermarket Refrigeration in a Laboratory Environment. In Proceedings of the 7th IIR Gustav
Lorentzen Conference on Natural Working Fluids, Trondheim, Norway, 28-31 May 2006.

Fricke, B.A.; Sharma, V. High Efficiency, Low Emission Refrigeration System. 2016. Available online:
https:/ /betterbuildingssolutioncenter.energy.gov/sites /default/files /attachments /Ref-system.pdf
(accessed on 29 January 2018).

45



Energies 2018, 11,1915

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Llopis, R.; Sanchez, D.; Cabello, R.; Catalan-Gil, J.; Nebot-Andrés, L. Experimental analysis of R-450A and
R-513A as replacements of R-134a and R-507A in a medium temperature commercial refrigeration system.
Int. |. Refrig. 2017, 84, 52-66. [CrossRef]

Mota-Babiloni, A.; Makhnatch, P.; Khodabandeh, R.; Navarro-Esbri, J. Experimental assessment of R134a
and its lower GWP alternative R513A. Int. |. Refrig. 2017, 74, 682-688. [CrossRef]

Llopis, R.; Sanz-Kock, C.; On Cabello, R.; Anchez, D.S.; Torrella, E. Experimental evaluation of an internal heat
exchanger in a CO; subcritical refrigeration cycle with gas-cooler. Appl. Therm. Eng. 2015, 80, 31-41. [CrossRef]
Llopis, R.; Sdnchez, D.; Sanz-Kock, C.; Cabello, R.; Torrella, E. Energy and environmental comparison of
two-stage solutions for commercial refrigeration at low temperature: Fluids and systems. Appl. Energy 2015,
138, 133-142. [CrossRef]

Sachdeva, G.; Jain, V.; Kachhwaha, S.S. Performance Study of Cascade Refrigeration System Using
Alternative Refrigerants. Int. ]. Mech. Aerosp. Ind. Mechatron. Manuf. Eng. 2014, 8, 7.
Available online: http://waset.org/publications/9997619/performance-study-of-cascade-refrigeration-
system-using-alternative-refrigerants (accessed on 9 April 2018).

Ge, Y.T,; Tassou, S.A.; Santosa, 1.D.; Tsamos, K. Design optimisation of CO, gas cooler/condenser in a
refrigeration system. Appl. Energy 2015, 160, 973-981. [CrossRef]

Tsamos, K.M.; Ge, Y.T.; Santosa, .D.M.C.; Tassou, S.A. Experimental investigation of gas cooler/condenser
designs and effects on a CO, booster system. Appl. Energy 2017, 186, 470-479. [CrossRef]

Tsamos, K.M.; Gullo, P; Ge, Y.T.; Santosa, .D.M.C.; Tassou, S.A.; Hafner, A. Performance investigation of the
CO, gas cooler designs and its integration with the refrigeration system. Energy Procedia 2017, 123, 265-272.
[CrossRef]

Sarkar, J.; Agrawal, N. Performance optimization of transcritical CO, cycle with parallel compression
economization. Int. J. Therm. Sci. 2009, 49, 838-843. [CrossRef]

Chesi, A.; Esposito, F.; Ferrara, G.; Ferrari, L. Experimental analysis of R744 parallel compression cycle.
Appl. Energy 2014, 135, 274-285. [CrossRef]

Tsamos, K.M.; Ge, Y.T.; Santosa, I.; Tassou, S.A.; Bianchi, G.; Mylona, Z. Energy analysis of alternative
CO, refrigeration system configurations for retail food applications in moderate and warm climates.
Energy Convers. Manag. 2017, 150, 822-829. [CrossRef]

Haida, M.; Banasiak, K.; Smolka, J.; Hafner, A.; Eikevik, TM. Experimental analysis of the R744 vapour
compression rack equipped with the multi-ejector expansion work recovery module. Int. . Refrig. 2015, 64,
93-107. [CrossRef]

Hafner, A.; Banasiak, K. R744 ejector technology future perspectives. 7th Eur. Therm. Conf. 2016, 745, 032157.
[CrossRef]

Li, D.; Groll, E.A. Transcritical CO, refrigeration cycle with ejector-expansion device. Int. J. Refrig. 2005, 28,
766-773. [CrossRef]

Liu, F; Groll, E.A. Analysis of a Two Phase Flow Ejector For Transcritical CO;, Cycle. In Proceedings of the
International Refrigeration and Air Conditioning Conference, West Lafayette, Indiana, 14-17 July 2008.
Available online: https://docs.lib.purdue.edu/cgi/viewcontent.cgi?referer=https://www.google.es/
&httpsredir=1&article=1923&context=iracc (accessed on 10 December 2017).

Liu, E; Groll, E.A ; Li, D. Investigation on performance of variable geometry ejectors for CO; refrigeration
cycles. Energy 2012, 45, 829-839. [CrossRef]

Danfoss. Food Retail CO, Refrigeration Systems. Designing Subcritical and Transcritical CO, Systems and
Selecting Suitable Danfoss Components. 2009. Available online: http:/ /files.danfoss.com /Technicallnfo /
Dila/01/DKRCEPARTA102_TheFoodRetailCO2applicationhandbook_DILA.pdf (accessed on 8 April 2018).
Sanchez, D.; Cabello, R.; Llopis, R.; Torrella, E. Development and validation of a finite element model for
water—CO, coaxial gas-coolers. Appl. Energy 2012, 93, 637-647. [CrossRef]

Emerson Climate Technologies, Refrigerant Choices for Commercial Refrigeration. 2010. Available online:
http:/ /www.emersonclimate.com/europe/Documents/Resources / TGE124_Refrigerant_Report_EN_
1009.pdf (accessed on 20 January 2018).

Bitzer. Bitzer CO, Booster Rack. 2017. Available online: https://www.bitzer.de/shared_media/
documentation/bao-107-1-au.pdf (accessed on 9 April 2018).

46



Energies 2018, 11,1915

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Llopis, R.; Sanz-Kock, C.; Cabello, R.; Sanchez, D.; Nebot-Andrés, L.; Catalan-Gil, J. Effects caused by the
internal heat exchanger at the low temperature cycle in a cascade refrigeration plant. Appl. Therm. Eng. 2016,
103, 1077-1086. [CrossRef]

Sénchez, D.; Torrella, E.; Cabello, R.; Llopis, R. Influence of the superheat associated to a semihermetic
compressor of a transcritical CO; refrigeration plant. Appl. Therm. Eng. 2009, 30, 302-309. [CrossRef]

Elbel, S.; Hrnjak, P. Experimental validation of a prototype ejector designed to reduce throttling losses
encountered in transcritical R744 system operation. Int. |. Refrig. 2007, 31, 411-422. [CrossRef]

Banasiak, K.; Hafner, A.; Kriezi, E.E.; Madsen, K.B.; Birkelund, M.; Fredslund, K.; Olsson, R. Development
and performance mapping of a multi-ejector expansion work recovery pack for R744 vapour compression
units. Int. J. Refrig. 2015, 57, 265-276. [CrossRef]

Dick, W. Commercial Refrigeration: For Air Conditioning Technicians, 2nd ed.; Cengage Learning:
Boston, MA, USA, 2009.

Danfoss. Electronically Operated Expansion Valve for CO, Type AKVH. 2012. Available online:
http:/ /files.danfoss.com/technicalinfo/dila/01/DKRCCPDVA1D302SmartconnectorAKVH.pdf
(accessed on 23 January 2018).

Boudreau, P.J. The Compressor Operating Envelope. 2013. Available online: http://www.r744.com/files/
the-compressor-operating-envelope.pdf (accessed on 30 November 2017).

Sharma, V.; Fricke, B.; Bansal, P. Comparative analysis of various CO, configurations in supermarket
refrigeration systems. Int. . Refrig. 2014, 46, 86-99. [CrossRef]

Pardifias, A.A.; Hafner, A.; Banasiak, K. Novel integrated CO, vapour compression racks for supermarkets.
Thermodynamic analysis of possible system configurations and influence of operational conditions.
Appl. Therm. Eng. 2017, 131, 1008-1025. [CrossRef]

Ge, Y.T.; Tassou, S.A. Thermodynamic analysis of transcritical CO;, booster refrigeration systems in
supermarket. Energy Convers. Manag. 2011, 52, 1868-1875. [CrossRef]

Danfoss. Capacity Controller for Small CO, Booster Refrigeration System. 2013. Available online:
http:/ /files.danfoss.com/Technicallnfo/Dila/01/RS8GU102_AK-PC_772_.pdf (accessed on 2 November 2017).
Lemmon, E-W.; Huber, M.L.; McLinden, M.O. NIST Standard Reference Database 23: Reference Fluid
Thermodynamic and Transport Properties-REFPROP, Version 9.1. Natl Std. Ref. Data Ser. 2013.
Available online: https:/ /www.nist.gov/publications /nist-standard-reference-database-23-reference-fluid-
thermodynamic-and-transport (accessed on 29 January 2018).

EnergyPlus, DOE, BTO, NREL, EnergyPlus, (2017). Available online: https:/ /energyplus.net/ (accessed on
12 January 2018).

AIRAH. Methods of Calculating Total Equivalent Warming Impact (TEWI) 2012. Available online:
https:/ /www.airah.org.au/Content_Files/BestPracticeGuides/Best_Practice_Tewi_June2012.pdf
(accessed on 21 March 2018).

Karampour, M.; Sawalha, S. State-of-the-Art Integrated CO, Refrigeration System for Supermarkets:
A Comparative Analysis. Int. ]. Refrig. 2017. Available online: https:/ /www.researchgate.net/publication/
320979787 _State-of-the-Art_Integrated_CO2_Refrigeration_System_for_Supermarkets_a_Comparative_
Analysis (accessed on 20 November 2017).

Red Eléctrica de Espafia. CO, Emissions Associated to the Power Generation. 2017. Available online:
http:/ /www.ree.es/en/statistical-data-of-spanish-electrical-system /statistical-series /national-statistical-
series (accessed on 18 March 2018).

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

47






energies MBPY

Review

Multi-Ejector Concept: A Comprehensive Review on
its Latest Technological Developments

Paride Gullo !, Armin Hafner 1-*, Krzysztof Banasiak 2 Gilvia Minetto 3 and Ekaterini E. Kriezi 4

1 Department of Energy and Process Engineering, NTNU Norwegian University of Science and Technology,

Kolbjorn Hejes vei 1D, 7491 Trondheim, Norway; paride.gullo@ntnu.no

Department of Thermal Energy, SINTEF Energy Research, Kolbjorn Hejes vei 1A, 7491 Trondheim, Norway;
Krzysztof. Banasiak@sintef.no

Construction Technology Institute, CNR National Research Council of Italy, Corso Stati Uniti 4,

35127 Padua, Italy; minetto@itc.cnr.it

4 Danfoss A/S, Nordborgvej 81, 6430 Nordborg, Denmark; ekk@danfoss.com

*  Correspondence: armin.hafner@ntnu.no

Received: 28 December 2018; Accepted: 25 January 2019; Published: 28 January 2019

Abstract: The adoption of the EU F-Gas Regulation 517/2014 and the resulting development of the
multi-ejector concept have led carbon dioxide to take center stage as the sole refrigerant (R744) in
several applications. Therefore, a knock-on effect on the number of supermarkets relying on “CO,
only” refrigeration systems has been experienced. Additionally, a global consensus of commercial
multi-ejector based R744 units is also intensifying as a consequence of both the promising results
obtained and the other measures in force for environment preservation. Furthermore, the multi-ejector
concept is expected to offer significant energy savings in other high energy-demanding buildings
(e.g., hotels, gyms, spas) as well, even in warm climates. In this investigation, the evolution of R744
ejector supported parallel vapor compression system layouts for food retail applications was summed
up. Furthermore, their technological aspects, the results related to the main theoretical assessments
and some relevant field /laboratory measurements were summarized. Also, the experience gained in
the adoption of the multi-ejector concept in transcritical R744 vapor-compression units aimed at other
energy intensive applications was presented. Finally, the persistent barriers needing to be overcome
as well as the required future work were brought to light.

Keywords: air conditioning; chiller; CO,; commercial refrigeration; heat pump; heat recovery;
industrial refrigeration; R744; transcritical vapor-compression system; two-phase ejector

1. Introduction

The implementation of the EU F-Gas Regulation 517/2014 [1] on fluorinated greenhouse gases
(F-gases) has prompted the need to discontinue their use and substitute these working fluids with
less environment-damaging alternatives. This holds particularly true for the sector involving high
energy-demanding buildings (e.g., supermarkets, hotels, gyms), as the fulfillment of their refrigeration,
cooling and heating (RC&H) needs causes significant indirect contributions to global warming as well.
Furthermore, as a consequence of the ongoing sharp hydrofluorocarbon (HFC) quota reduction [1],
the global refrigeration sector is facing an ever-growing shortage of “old” synthetic refrigerants
(e.g., R404A, R507A) as well as a dramatic price rises in others (including new man-made working
fluids, e.g., R448A, R449A, in addition to R404A, R507A and R410A) [2]. Also, in parallel with the
coming into force of the F-Gas Regulation 517/2014 in Europe, a commitment on global scale to
fight against climate change has been performed through the adoption and ratification of the Kigali
amendment to the Montreal Protocol [3].
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Carbon dioxide is perceived as a long-term working fluid for various RC&H applications [4],
being non-flammable, non-toxic and offering favorable environmental, i.e., negligible Global Warming
Potential (GWP) as well as zero Ozone Depletion Potential (ODP), and thermo-physical properties [5].
R744 is also inexpensive in comparison with man-made refrigerants. As suggested in [6], “CO, only”
(or transcritical CO;) RC&H solutions are accepted as viable and sustainable candidates in several
sectors (e.g., supermarkets, vehicle air conditioning and heat pump units, domestic hot water heat
pump systems and industrial applications). As examples:

e It was estimated that 9000 supermarkets relying on transcritical R744 systems were operating in
Europe in 2017 [7]. However, it is expected that these units will be 25,000 in 2020 [4] and 55,000 in
2025 [4];

e  The government subsidies has led “CO, only” heat pump units for domestic hot water (DHW)
purposes to become standard in Japan;

e  Transcritical R744 solutions are gaining ever-growing attraction in industrial refrigeration
applications featuring large cooling loads [4].

However, the persistent challenge lies in moving “CO, only” vapor-compression units to warm
regions worldwide. The implementation of the aforementioned legislative acts has accelerated
innovation for large-scale “CO, only” RC&H solutions, giving rise to technologies aimed at
achieving this target. Among these, the ever-growing uptake of commercial “CO, only” around
the world can be ascribable to the conception of the multi-ejector concept [8], conceived by
Hafner et al. [9,10]. Also, its adoption is supposed to offer considerable energy conservations in other
high energy-demanding buildings (e.g., hotels, gyms, spas) too, even in warm weathers.

In this investigation, the state-of-the-art multi-ejector based solutions for supermarkets and
their technological aspects are presented. Furthermore, the potential energy benefit as well as some
relevant field /laboratory data are shown. Also, the findings associated with the implementation of the
multi-ejector concept in other applications are described. At last, the remaining challenges requiring to
be faced are summarized.

2. Multi-Ejector Concept

The performance of basic “CO, only” vapor-compression systems is significantly more sensitive to
cooling medium temperature than HFC-based units. As a consequence of the low critical temperature
of R744 (i.e., about 31 °C), in fact, transcritical running modes can commonly take place. These cause
a large exergy destruction during the throttling process [11], which negatively impacts on the
overall efficiency of the system. On the other hand, the significant irreversibilities associated with
the expansion valve induce to take into considerations expansion work recovery devices, such as
expanders and two-phase ejectors. Their favorable contribution is, in fact, much more relevant
than in traditional HFC applications, in which the inefficiencies related to the throttling process are
more limited. In the last years, two-phase ejectors have been gaining popularity thanks to their
intrinsic simplicity. In general terms, it has been shown that the implementation of a two-phase
ejector leads to greater opportunity for energy efficiency improvement [12]. A simple transcritical R744
vapor-compression unit employing an ejector aimed at expansion work recovery is sketched in Figure 1.
The refrigerant coming out of the gas cooler/condenser (thermodynamic state 3, identifying the high
pressure) is expanded and accelerated through the motive nozzle (thermodynamic state 4). Due to the
pressure difference between the expanded refrigerant and the working fluid exiting the evaporator
(thermodynamic state 10, identifying the low pressure), the low pressure stream is entrained into
the suction nozzle (thermodynamic state 5). Both streams are then mixed in the mixing chamber
(thermodynamic state 6) and a part of the remaining kinetic energy of R744 is converted into a
pressure increment via the diffuser (thermodynamic state 7, identifying the intermediate pressure).
The adoption of a two-phase ejector in place of an expansion valve permits benefiting from two main
energy advantages: (i) rise in refrigerating effect as the refrigerant enters the evaporator at lower vapor
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quality and enthalpy; (ii) decrease in compressor power input since the refrigerant is pre-compressed
by the ejector from the evaporator pressure to the intermediate one (IP).
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Figure 1. Schematic of a simple transcritical R744 vapor-compression system equipped with a two-phase
ejector for expansion work recovery (left-hand side) and its p-h diagram (right-hand side) [13].

The performance of an ejector for expansion work recovery is commonly described with the aid of
4 metrics, i.e., mass entrainment ratio (w), suction pressure ratio (IT), pressure lift (Pyifr) and expansion
work recovery efficiency, being generally indicated as ejector efficiency (77jector). The mass entrainment
ratio (Equation (1)) refers to the ratio of the suction mass flow rate to the motive mass flow rate and
evaluates the ability of the ejector to entrain (or pump) the refrigerant:

m .
w = suction nozzle (1)

Minotive nozzle

The suction pressure ratio (Equation (2)) and the pressure lift (Equation (3)) assess the ratio of the
ejector outlet pressure to the ejector suction pressure and difference between the ejector outlet pressure
and the ejector suction pressure, respectively. These are employed for quantifying the lift that the
ejector can provide to the working fluid.

Pdiffuser_outlet

1= (2

Psuct[on nozzle_inlet

Plift = Pdifjuser_outlet - Psuction nozzle_inlet (3)

The ejector efficiency (Equation (4)) defines the actual amount of work recovered by the ejector
with respect to the overall work recovery potential. As suggested in [14], this can be computed as
the power used for compressing the suction stream isentropically from suction inlet to diffuser outlet
pressure divided by the theoretical maximum amount, which could be recovered via an isentropic
expansion of the motive stream from motive inlet to diffuser outlet pressure.

h (Pdiffuser_autlet/ Ssuction nozzle_inlet> - hsuctian nozzle_inlet

Wrecovered

4)

Hejector =
recoverable_max hmotive nozzle_inlet — h <Pdiffuserfautlet/ Smotive nozzlefinlet)

It was found that the efficiency of R744 ejectors available in the literature is usually between 0.2
and 0.3, whereas the efficiency associated with both R410A and R134a ejectors is generally below
0.2 [12].

A solitary constant-geometry ejector cannot ensure an effective control of the heat rejection
pressure and, simultaneously, implement expansion work recovery accurately [15]. In order to
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overcome such a drawback, the multi-ejector concept was formulated. As schematized in Figure 2,
this relies on a block hosting several fixed geometry ejector cartridges of various size and arranged
in parallel. The multi-ejector modules available on the market feature of 4-6 vapor ejectors and, as
regards food retail applications, 2 liquid ejectors. At least one of the vapor ejectors is in operation and
the necessary capacity is constantly fulfilled by changing their combination, besides guarantying the
occurrence of the optimal high-side working conditions in any operating mode. Therefore, the mass
flow rate required to meet the cooling load is available in any running mode, permitting to handle the
variable demands appropriately. The scenario involving the use of 3 out of 6 ejectors is represented
in Figure 2. Solenoid valves employed for activating the ejectors are located on the upper part of the
block (Figure 2), while the pressure level can be measured by using the pressure sensors (located on
the right-hand side in Figure 2) for each port (i.e., high pressure side, suction and discharge ports,
located from the top to the bottom on the left-hand side in Figure 2). Typically, an expansion valve is
arranged in parallel with the multi-ejector block to unceasingly and effectively control the gas cooler
pressure to the detriment of some of the available expansion work recovery.

Lowest pressure
due to high
velocity

Receiver
pressure oulet

Figure 2. Sketch of the multi-ejector block [16].

As for supermarket refrigeration units, additional energy savings are obtained by overfeeding the
evaporators. As a consequence, these heat exchangers can operate at a higher working temperature
than conventional dry-expansion evaporators. Ejectors have been successfully implemented as a simple
way to recirculate liquid out of the evaporators. It is worth remarking that evaporator overfeeding,
in which excess liquid recirculation is provided by a liquid ejector with an efficiency of 8%, improves
the overall annual performance by 15%, whereas a vapor ejector with a peak efficiency of 30% would
lead to an annual performance enhancement by 5%, depending on the outdoor temperature profile [17].

3. Supermarket Applications

The multi-ejector concept was firstly applied to commercial refrigeration systems due to their
major negative environmental impact. This is mainly caused by their significant high electricity
consumptions as well as their relevant refrigerant charge losses. As an example, it was estimated
that a typical American food retail store having a sale area of about 3700+-5600 m? consumes
approximately 2+3 GWh of electricity yearly [18]. Furthermore, the average annual leakage rate
of the working fluid is roughly between 3% and 22% of the total charge [19] and R404A (GWP10g years =
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3943 kg, cqu -kgr_e}rigerarlt according to AR5) is the most widely employed refrigerant in the European
food retail industry [19].

3.1. Evolution of System Layout

In the last 10 years “CO, only” supermarket refrigeration system layouts have experienced
a considerable evolution, leading these solutions to move from the 1st to the 3rd generation.
This significant technological development has targeted an enhancement in their energy efficiency in
any climate context, with particular emphasis on the units located in warm locations.

The term “1st generation” refers to the basic R744 booster supermarket refrigeration plant layout
including the flash gas by-pass valve (schematic on the left-hand side in Figure 3) [20,21]. Currently
such a solution presents on the high pressure (HP) side one or two de-superheater(s) devoted to
heat recovery for space heating and DHW purposes and located upstream of the air-cooled gas
cooler/condenser [22]. Therefore, R744 coming out of the latter heat exchanger is throttled to the
IP, leading to the generation of a liquid/vapor mixture. The liquid fraction, being separated in the
IP liquid receiver, is employed for feeding the medium (MT) and low temperature (LT) evaporators.
The refrigerant exiting the LT evaporators is then drawn by the “booster” (i.e., LT) compressors and
compressed to the medium pressure (MP). The pressure of the vapor in the IP liquid receiver is
reduced to MP via flash gas by-pass valve, which is then mixed with the refrigerant coming out of
both the MT evaporators and LT compressors, before being compressed by the MT compressors to
HP. Many investigations on this solution (e.g., [5,23,24]) are currently available in the open literature.
These systems are very popular in Northern Europe (i.e., cold areas), as they perform similarly to or
better than a conventional HFC-based unit at outdoor temperatures up to about 24 °C [25].
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Figure 3. Schematic of the 1st, 2nd and 3rd generation of “CO, only” booster supermarket refrigeration
system layouts [20].

A first step towards the adoption of such HFC-free solutions in warm areas is offered by the 2nd
generation [20,21], i.e., parallel compression-equipped units (schematic on the middle in Figure 3).
The adoption of parallel (or auxiliary) compression permits MT compressors to be unloaded for the
sake of use of auxiliary compressors, which perform at a higher suction pressure (and thus at more
favorable operating conditions) than the former. As a consequence, energy savings can be achieved
compared to the 1st generation. The investigation by Karampour and Sawalha [26], based on some
filed measurements, recently revealed that parallel compression offers high energy savings in cold
climates, while it is not fully suitable for hot climates. Parallel compression-based R744 systems have
been widely studied by many researchers (e.g., [27-29]).

The proliferation of transcritical R744 refrigeration plants in the commercial sector is thus expected
to occur with the aid of the concurrent implementation of several energy efficient measures [8],
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such as parallel compression, overfed evaporators [30,31] and multi-ejector concept, i.e., via the 3rd
generation of “CO, only” supermarket refrigerating systems (schematic on the right-hand side in
Figure 3) [20,21]. Therefore, the expansion work is partially recovered and used by the vapor ejectors
for moving part of the refrigerant after MT evaporators to the parallel compressors, which operate at a
higher suction pressures and thus leading to considerable energy savings, especially at severly high
outdoor temperatures.

The unique properties of CO, favor the effective recover of heat for space heating and DHW
purposes [22,32]. This permits these HFC-free solutions to additionally increase their energy
saving [22,33] and reduce their carbon footprint [34], besides offering satisfactory payback times [35].
The waste heat utilisation process, which has become an integral part of any “CO, only” supermarket
refrigeration plant, further promotes the use of a multi-ejector block as transcritical operating conditions
commonly take place in heating mode [22].

3.2. Evolution of Multi-Ejector Equipped System Layout

The first proposed R744 multi-ejector enhanced parallel compression system architecture, allowing
the overfeeding of MT evaporators, is sketched in Figure 4. Additionally, Minetto et al. [36] recommended
the adoption of an internal heat exchanger (IHX) as presented in Figure 5 to overfeed the LT evaporators
too. The additional energy benefits derived from adopting such a measure has led the system layout
(and similar system architectures) to become the preferred solutions on the part of the end-users as
multi-ejector based units are chosen. However, as the LT evaporators are overfed, the presence of
a low pressure (LP) accumulator to trap the liquid before compressors is mandatory, since liquid
cannot possibly evaporate in the heat exchanger indicated as IHX D in Figure 5 [37]. Furthermore,
IHX C (Figure 5) aims at heating up the refrigerant before this is drawn by the LS compressors in any
operating conditions.

LT Comp

&

-

Figure 4. Schematic of a transcritical R744 booster supermarket refrigeration system outfitted with
multi-ejector module and having MT overfed evaporators [10].

Fully-integrated (or all-in-one) solutions are tailor-made units, which successfully provide the
entire refrigeration, air conditioning (AC) and DHW reclaims, alongside satisfying most of or even
the whole space heating load of the selected supermarket [21,26,38,39]. According to [6], all-in-one
transcritical CO, supermarket refrigeration plants equipped with multi-ejector block (e.g., schematic
on the right-hand side in Figure 3) are thought to significantly bring the total investment, maintenance
and running costs down, besides offering other advantages [26], such as compactness, reduction in
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complexity of communication between all the entities responsible for operating the various units.
Also, the adoption of these units permits overcoming the persisting problem represented by the
selection of the best refrigerant for AC and heating applications. The system layout schematized in
Figure 6 and adopted in a supermarket in the North of Italy simultaneously implements both the
all-in-one and multi-ejector concept [21].
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Figure 5. Schematic of a transcritical R744 booster supermarket refrigeration system outfitted with
multi-ejector module and having both MT and LT overfed evaporators [37].

Hafner [39] predicted that next generation of commercial “CO; only” refrigerating systems will
be characterized by both the application of the all-in-one concept and the use of two multi-ejector
modules (i.e., one dedicated to refrigeration loads and the other to AC purposes).

The unit architecture sketched in Figure 7 represents a suitable solution for supermarkets
located in Southern Europe or Middle East [40]. The solution features: (1) the presence of two
multi-ejectors modules (i.e., one dedicated to refrigeration loads and the other to AC purposes); (2) the
implementation of the “principle of pivoting” (see Section 3.4.1); (3) the use of MT and LT overfed
evaporators; (4) an exterior heat exchanger (HX) operating as an additional evaporator to increase
the amount of recoverable heat in wintertime and as a gas cooler in AC mode; (5) an auxiliary heat
sink upstream of the multi-ejector blocks to cool R744 down and (6) the integration of ice-water
cooling evaporators coupled with the AC multi-ejector block to increase the suction pressure of the
parallel compressors.
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supermarkets located in warm areas [40].

The adoption of a secondary fluid between the refrigeration plant and the AC/heating

unit introduces additional penalizations [40,41].
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thermo-physical properties of R744, which can be employed in direct cooling and heating fan coils
and air curtains installed inside the building. The implementation of such a technique would lead to
many benefits, such as higher energy efficiency, reduction in number of components, possible decrease
in investment costs, no corrosiveness issues. A refrigeration plant layout based on this concept is
presented in Figure 8. In AC mode, the expansion valves upstream of the fan coils and air curtains,
operating as evaporators, guarantee the correct amount of R744 to each unit. As the heating mode
takes place, the gas cooler is by-passed and thus the heat is directly transferred into the building by
the fan coils and air curtains.

The solution presented in Figure 9 enables recovering part of the available expansion work as
the AC operations take place as well. The appropriate amount of CO; in the fan coil or air curtain
is obtained via the modulating 3-way-valve located downstream of the ejectors. In heating mode,
the gas cooler is by-passed and thus the heat is rejected directly into the building by the unit (fan coil
or air curtain).
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Figure 8. Integration of direct heating and cooling fan coils and air curtains in a transcritical R744
supermarket refrigeration system (multi-ejector block partly by-passed in AC mode) [40].
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Energies 2019, 12, 406

3.3. Multi-Ejector Based Solutions without Integration with Air Conditioning Unit

3.3.1. Technological Aspects

The use of R744 ejectors requires technological assessments under multiple aspects. The first
challenge is related to the ability of the multi-ejector module to provide HP control and optimization
under variable operating conditions.

The experimental results presented in [15] suggested that the heat rejection pressure can be
satisfactorily controlled by a multi-ejector block in commercial refrigeration applications. As showed
in Figure 10, in fact, the researchers evaluated similar profiles of the discharge pressure control error
caused by a rapid change in both load and outdoor temperature between a standard high pressure
electronic expansion valve (HVP) and a multi-ejector module.

a 6 v b Hed
H'Y £ B Multiejector + HPV
3 B Multeector + HPV 3 o A
§ ] i o ven £
5 LY A
g B oLf ,
§ g N
8 g8
® s 2
: - g 3
4 -4 I —
& — -5t Y .
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 18 20 22 24 26 28
Time, minutes Time, minutes

Figure 10. Deviation between the actual value and set-point value for the heat rejection related to a
rapid change in load (a) and in outdoor temperature (b) [15].

The field measurements gathered in [42,43] revealed that a multi-ejector module can successfully
switch the gas cooler/condenser from floating condensing to heat recovery mode and vice versa
(as showed in Figure 11 after 13:00) as well as the MT evaporators from superheated to overfed mode
and vice versa. In the reference example, the authors also found that the minimum number of ejectors
needed to reach the discharge pressure set points without too many on/off switches of these devices
was 3. Finally, they demonstrated that the control system can suitably handle possible blockages of an
ejector nozzle.
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Figure 11. Operating conditions aimed at demonstrating the successful switching from floating
condensing to heat recovery mode and vice versa via multi-ejector concept [42].

Also the oil management can be properly performed, taking care of recovery both at compressor
discharge and from the liquid separator [15,21].

The significant use of the parallel compressors [21,37] allows reductions in their maintenance
issues all over the year compared to the conventional booster configuration [44].
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According to [45], the use of the multi-ejector module can successfully bring down the
installed displacement of compressors. Furthermore, [17] highlighted that the implementation of
the multi-ejector concept allows:

e  Significantly decreasing the compressor discharge temperature. This is shown in Figure 12,
in which curve refers to the typical operating conditions of an overfed evaporator, whereas curve
b and c are related to two conventional running modes of dry-expansion evaporators. Therefore,
these results highlight considerable benefits to the lifetime of the lubricant, components on the
discharge line and de-superheater for heat recovery;

e Improved protection against liquid in the compressor suction manifolds thanks to both the
adopted active methods with the purpose of limiting the liquid level and the MP liquid receiver;

e A reduction in total installed swept volume in relation to a single compression system;

e Anenhanced overall energy efficiency at outdoor temperatures up to between 40 °C and 42 °C.
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Figure 12. Effect of the heat rejection pressure on the compressor discharge temperature for the 3
investigated scenarios [17].

The experimental study in [46] demonstrated that a multi-ejector block leads to efficient and
stable performance over the whole range of the investigated operating regime for commercial
refrigeration applications.

3.3.2. Theoretical Assessments/Statements

Hafner et al. [9] estimated that a R744 multi-ejector enhanced parallel compression solution
(same as that in Figure 4) in a food retail store located in Mediterranean Europe enables an energy
saving by approximately 11% over a conventional booster system.

The dynamic simulations implemented by Hafner at al. [10] (same solution as that in Figure 4)
showed that typical Coefficient of Performance (COP) increments in the refrigeration mode by 17%
in Athens (Greece), 16% in Frankfurt (Germany) and 5% in Trondheim (Norway) can be achieved in
summertime, while the ones associated with wintertime were found to be from 20% to 30% over a
conventional booster plant.

The results obtained by Minetto et al. [44] brought to light that the adoption of the multi-ejector
concept leads to an energy reduction by 22.5% compared to a basic “CO, only” unit for a MT
commercial refrigeration application operating in Bari (Southern Italy).
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Pisano [47] stated that a food retail store located in Bari can decrease its energy consumption
by almost 30% by replacing a conventional booster unit with a multi-ejector based booster solution
(similar to that in Figure 4) (Figure 13).
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180000 -97%
-18%

23.9%
27.9%
D
S wemw o 11

Figure 13. Energy savings of various transcritical R744 booster supermarket refrigeration systems
compared to a conventional transcritical R744 booster supermarket refrigeration plant in Southern
Italy [47].

Schoénenberger [37] claimed that, compared to the solution with parallel compression, an energy
saving between 15% and 25% can be accomplished with the aid of the multi-ejector concept (same
system as that in Figure 5), depending on the heat demand, application and climate conditions.

The assessment by Gullo et al. [48] revealed that R744 ejector supported parallel vapor
compression systems (similar to those in Figures 4 and 5) reduce the energy consumption from
roughly 20% to 27% in comparison with a R404A unit in an average-size food retail store located
in Mediterranean Europe. At the same boundary conditions, parallel compression offers, at best,
an energy conservation by 6.4%.

Gullo et al. [49] estimated that R744 multi-ejector enhanced parallel compression units (similar to
those in Figures 4 and 5) offer energy savings between 17.8% (in Oslo, Norway) and 26.7% (in Athens)
in relation to a conventional booster system and between 16.9% (in London, UK) and 23.4% (in Oslo)
over a parallel compression-based solution. In comparison with a R404A unit, the adoption of the
multi-ejector concept leads to a decrease in annual electricity intake from 24.6% (in Athens) to 37.1%
(in Oslo).

Due to the EU F-Gas Regulation 517/2014 the adoption of R404A-based supermarket systems
will not be allowed after 2022. Consequently, cascade/indirect loop arrangements are drawing interest,
especially in warm locations. However, these are expected to be less efficient, as suggested in a recent
report by the European Commission [50] and recently confirmed in [51,52].

Gullo and Hafner [51] carried out an investigation based on the operating conditions of a typical
supermarket and several American cities, including cold, moderate and warm weathers. The results
obtained showed that R744 multi-ejector enhanced parallel compression systems (similar to those in
Figures 4 and 5) offer energy conservations from 17.3% to 37.8% compared to a R404A-based unit.
Furthermore, energy savings up to 26% were estimated for these solutions in warm locations. At best,
R1234ze(E)/R744 indirect arrangements consumed 10.5% less electricity over the R404A-based unit at
the same boundary conditions.

The results of the study by Gullo et al. [52], which was based on an average-size supermarket
located in several cities positioned below the so-called “CO, equator” (average yearly temperature
between 14.1 °C and 18.9 °C), suggested that compared to R404A direct expansion units:
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e  Multi-ejector based solutions (similar to those in Figures 4 and 5) can reduce the energy
consumption from 18.6% to 28.6%;

e The r1234ze(E)/R744 indirect arrangement with MT and LT flooded evaporators and the
r134a/R744 cascade solution present some modest energy savings;

e The other evaluated systems (i.e., R1234ze(E)/R744 indirect arrangement with MT flooded
evaporators, R290/R744 indirect arrangement with and without LT flooded evaporators,
R450A /R744 cascade solution and R513A /R744 cascade system) are not suitable candidates.

Figure 14 summarizes the outcomes of the previous investigation in terms of reduction in
Total Equivalent Warming Impact (TEWI) relying on R404A direct expansion units as the baseline.
The authors [52] found that the adoption of the multi-ejector concept allows reducing the environmental
impact from 50.7% to 90.6%, while the aforementioned R1234ze(E)/R744 indirect unit and the
R134a/R744 cascade arrangement decrease the carbon footprint from 39.1% to 87.7% and from 28.8%
to 65.8% TEWI, respectively.
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Figure 14. Difference in TEWI among various supermarket refrigeration solutions (DXS: R404A unit;
EJ: multi-ejector based system with MT overfed evaporators; E]_OV: multi-ejector based system with
MT and LT overfed evaporators; -IND: indirect arrangements with MT flooded evaporators; -IND_FL:
indirect arrangements with MT and LT flooded evaporators; -CS: cascade arrangements) in several
locations positioned below the CO, equator (tpr = —4/—10 °C, t;r = —27/-35 °C, 0 MmT = 120 kW,
Q1 =25 kW) [52].

Madsen and Kriezi [53] recently showed that the implementation of the multi-ejector concept
(solution similar to that in Figure 4) leads to energy savings from 13% to 29% compared to the
conventional booster unit in locations featuring an average annual temperature between 0 °C and
30 °C (Figure 15).

Energy saving c to Booster CO2 system
HP ejectors  |LP ejectors Flooded O}
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|Average Booster sys. |comp.sys. [LP Ejector HP ejector
Parallel Parallel comp. [Booster sys |with Liquid |with liquid |system with |system with
compression |+ HP ejectors [+ LP Ejector |ejector lejector Liquid ejectors [Liquid ejectors

Figure 15. Energy saving of various transcritical R744 booster supermarket refrigeration systems
at different average annual temperatures compared to a conventional transcritical R744 booster
supermarket unit [53].
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Also, LP and HP in Figure 15 respectively refer to vapor ejectors with low and high pressure lift.
At the same boundary conditions, parallel compression offers reductions in energy consumption from
5% to 8%.

Gullo et al. [54] concluded that the adoption of multi-ejector based solutions is also suggested as a
result of the application of the advanced exergy analysis. Such an assessment is widely recognized as
the most powerful thermodynamic tool to suitably assess the performance of any energy system.
In addition, the researchers found that the implementation of the multi-ejector concept leads a
conventional booster unit to a decrease by about 39% in total irreversibilities at the outdoor temperature
of 40 °C. This outcome was a consequence of: (i) a reduction by approximately 36% in avoidable
irreversibilities taking place in the gas cooler; (ii) a decrement by about 39% in avoidable inefficiencies
occurring in the compressors discharging to the heat rejection pressure; (iii) a halving of the avoidable
exergy destruction related to the MT evaporators; (iv) a decrease by about 40% in total inefficiencies
associated with the main expansion device.

3.3.3. Laboratory and Field Experimental Assessments

Laboratory Experimental Assessments

The experimental assessment fulfilled in [13] revealed that efficiencies of an individual ejector
hosted in a multi-ejector block up to 0.3 can be measured with respect to the heat rejection pressure
and temperature, the pressure lift and the evaporation pressure.

The in-depth experimental investigation in [15] brought to light that the ejector efficiencies above
0.3 can be accomplished over a broad range of the investigated operation conditions. Furthermore,
the results obtained revealed that the assessed ejector efficiencies were higher than those previously
gathered. However, the overall multi-ejector efficiency is gradually penalized as the expanded mass
flow rate grows owing to the increasing stream irreversibilities (e.g., imperfect mixing of individual
flows exiting the ejectors), although the recorded values of efficiency were found to be above 0.2.
The researchers mapped the motive nozzle mass flow rate depending on the inlet density and inlet
pressure (Figure 16a). In addition, it was seen that the optimum running modes of an ejector having a
given geometry can be attained by varying the suction pressure ratio with respect to the gas cooler
outlet conditions (Figure 16b). Furthermore, [15] discovered that the compressor efficiency has a
considerable influence on the overall system efficiency with respect to the selected combination
of ejector cartridges. Additionally, a maximum COP enhancement of 9.8% was evaluated as only
50% of the total mass flow rate went through the ejectors and the compressor was operating at the
highest efficiency.
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Figure 16. (a) Motive nozzle mass flow rate as a function of the motive nozzle inlet conditions for one
of the investigated ejectors; (b) Ejector efficiency as a function of the motive nozzle inlet conditions and
suction pressure ratios for one of the investigated ejectors [15].

Fredslund et al. [55] observed that vapor ejector efficiencies measured in the laboratory (Figure 17a)
are comparable (and above 0.25) to those estimated from real installations operating at the typical
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operating conditions (i.e., Pjjz = 6 bar) (Figure 17b). According to the authors, compressor sizes (so as
to satisfy the required capacity and have the parallel compressors as long as in operation), pressure lift
and the oil return design should be carefully considered.
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Figure 17. Comparison between the ejector efficiencies measured in the laboratory (a) and those
estimated in a real application performing in heat recovery mode (b) [55].

Haida et al. [56] proved that the adoption of the multi-ejector block permits increasing COP
and exergy efficiency up to 7% and 13.7% over the parallel compression-based unit, respectively.
In addition, efficiencies of the multi-ejector module up to 0.33 were estimated with respect to the
pressure lift and the motive and suction conditions. The researchers also pointed out that it is required
to mutually taken into account the multi ejector block and the compressor rack interactions when
designing the refrigeration plant.

The experimental results obtained by Pardifias et al. [57] demonstrated that efficient MT
compressors in their range of operation are compulsory to accomplish significant energy conservations
(even with efficient vapor ejectors) as vapor ejectors boost parallel compressors and unload MT
compressors. Thus, maintaining high compression efficiency for the MT machines even in part-load
becomes a crucial factor for maximizing the system efficiency gains thanks to the ejector use.

Field Experimental Assessments

The incorporation of the multi-ejector module into a R744 booster unit enables increasing the
suction pressure of the auxiliary compressors by 3+-10 bar over that of the MT compressors [43,58].

Kriezi et al. [59] suggested employing a liquid ejector designed for summer operating conditions
and another for winter running modes owing to the highly fluctuating demands of food retail
applications. Ejectors aimed at vapor removal can adequately pump some liquid in summertime.

The field data presented in [36] (Figure 18) demonstrated that an increment in MT by 6 K compared
to a dry-expansion evaporator can be attained with the aid of the multi-ejector concept. The increase
in LT by 8 K presented in Figure 18 was a result of the adoption of an IHX, as mentioned above.
Both achievements can be maintained all over the year, leading to reductions in frost formation and
number of defrost cycles in relation to conventional technology [17,37,42,43].

Kriezi et al. [60] estimated the energy benefits associated with the adoption of MT overfed
evaporators on the part of a multi-ejector based system (similar to that in Figure 4) with the aid of
field measurements collected between June and August 2017. The authors estimated that MT can be
increased on average by 4.5 K, as dry-expansion evaporators with a minimum degree of superheating
of 6 K perform in overfed mode, with a minimum degree of superheating set to 1 K. As a consequence,
the total COP values can be enhanced on average by about 5% over the investigated range of running
modes (Figure 19a), leading to a potential decrease in power input of approximately 4.5% (Figure 19b).
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overfed evaporators [17].
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The COP increase and the compressor power reduction were lower than expected, as the system
had a high LT load (equivalent to MT capacity) and the LT evaporators were running in dry-expansion
mode. However, the authors also highlighted that the energy advantages related to the parallel
compressor were underestimated as well as the ones associated with the potential reduction in number
of defrost cycles were not considered.

Schonenberger et al. [42] and Hafner et al. [43] demonstrated that energy savings by 10% in
comparison with the solution using parallel compression and by 18% over a conventional booster
system can be obtained in a supermarket (system similar to that in Figure 4) located in the region of
Fribourg (Switzerland) in wintertime, respectively.

The energy consumption of the first installation relying on the multi-ejector concept (similar to
that in Figure 4) is compared to that of three similar units employing parallel compression in Figure 20.
It was found to offer an energy conservation by 14% over the same period of time in the Swiss climate
context [42].
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Figure 20. Energy consumption comparison between the first unit implementing the multi-ejector
concept and three similar systems relying on parallel compression in the Swiss climate context [42].

3.3.4. Economic Assessments

As presented in Figure 21, the addition of vapor ejectors with high pressure lift to units relying on
parallel compression is economically acceptable for supermarkets with cooling capacities over 75 kW
and located in cities having an average annual temperature above 15 °C [60]. LP and HP in Figure 21
respectively indicate vapor ejectors with low and high pressure lift.

Pay Back Liquid ejector [years] Pay Back HP ejector solution [years] Pay Back LP ejector solution [years]

|Average
annual Booster + Liq | Booster + Liq Booster + Liq | Booster + Liq [HP Ejector HP Ejector HP ejector LP ejector  |LP ejector LP ejector
ttemperature |VS Booster VS Booster VS Booster  |VS Booster 'S parallel VS parallel VS parallel S Booster VS Booster  |VS Booster
[oC] 40 kW 75 kW 150 kW 300 kW 75 kW 150 kW 300 kW 140 kW 75 kW 150 kW

Figure 21. Payback period for ejector addition to various transcritical R744 booster supermarket
refrigeration systems with respect to both the average annual temperature and the required cooling
capacity [60].
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Pisano [47] recently reported that a “CO, only” booster refrigeration system equipped with
multi-ejector block (similar to that in Figure 4) (green line in Figure 22) offers a return of investments
of 2 years (based on capital and running costs) compared to a basic “CO, only” booster unit (red line
in Figure 22) in a supermarket located in Bari.
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Figure 22. Comparison in terms of return on investments between a transcritical R744 booster
refrigeration plant outfitted with multi-ejector block (green line) and a conventional transcritical
R744 booster refrigerating unit (red line) in a supermarket located in Bari [47].

3.4. Multi-Ejector Based Solutions with Integration with Air Conditioning Unit

3.4.1. Technological Aspects

Pardifias et al. [61] theoretically investigated the appropriate control of the heat rejection pressure
as either a high ratio of AC demand to MT refrigeration load occurs or the AC ejectors operate
inefficiently. The outcomes obtained suggested adopting the control technique relying on: setting
the AC evaporation pressure, computing the ideal pressure lift of the AC ejectors at the selected
outdoor conditions and employing it to evaluate the set point for the control of the auxiliary
compressors. A decrease in this pressure lift needs to be considered as the discharge pressure control
became impossible.

The adoption of the so-called “pivoting principle” for compressors was recommended in many
studies [36,39,40,62]. This technique has the purpose to enable the MT and auxiliary compressors
to be widely interchangeable so as to decrease the total displacement of the installed compressors.
In fact, on the one hand, the total required displacement being necessary in wintertime is very low
(or even zero). On the other hand, the auxiliary compressor swept volume considerably growths in
summertime due to both the flash vapor generated during the expansion process and to the vapor
being pre-compressed by the ejectors. The interchangeability of the MT and auxiliary compressors
is implemented by linking the compressors to either the MT or the parallel suction group with
the aid of on/off valves installed upstream of them (x2-x5 in Figure 23) [40], as a function of the
operation conditions. Hafner [39] also claimed that this feature gives rise to a “gap-free” control of
the refrigeration load, besides lowering the installation cost as well as enhancing the compactness of
the unit.

According to Pardifias et al. [62], the implementation of the “pivoting principle” favors greater
system flexibility with respect to following the actual load profile (i.e., enlargement in operational range
of the refrigeration plant). The researchers also highlighted that a simple and inexpensive solution,
which should not influence the oil return of the compressors, to apply the aforementioned principle is
potentially available. Furthermore, Pardifias et al. [62] stated that the average annual operation time of
compressors should be broadened, implying a reduction in overall ownership costs. However, the
energy savings achievable through the “pivoting principle” are not noteworthy [62]. These could be
increased by using the proposed pivoting technique at the discharge of the LT compressors, further
promoting a growth in their number of hours in operation.
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Figure 23. Schematic of the application of the “pivoting principle” to 4 out of 6 compressors [40].
3.4.2. Theoretical Assessments/Statements

Gullo et al. [48] estimated that the implementation multi-ejector concept (solutions similar to
that in Figure 6) leads to energy conservations between 15.6% and 26.2% compared to conventional
HEFC-based units, depending on the size of both the AC equipment and the supermarket, as well as on
the weather conditions.

The study by Pardinas et al. [62] brought to light that the adoption of a (vapor) multi-ejector block
is energy advantageous at outdoor temperatures above 25 °C compared to the unit relying on parallel
compression (Figure 24). Further energy savings can be achieved by using an AC multi-ejector module
(8.3% at 30 °C and 8.6% at 25 °C). The investigation was carried out by considering the running modes
of a typical Norwegian supermarket. In addition, the authors [62] found that:

e  The multi-ejector enhanced parallel compression unit with two multi-ejector blocks (one for MT
load and one for AC demand) and AC evaporator located downstream of the liquid receiver is a
suitable solution as high AC pressures are required;

e The multi-ejector enhanced parallel compression system with MT multi-ejector module and AC
evaporator located upstream of the liquid receiver is an adequate solution as low AC pressures
are necessary;

e The optimum discharge pressure is strongly related to the outdoor temperature, MT, AC
evaporator position and AC evaporating pressure in transcritical operating conditions.
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Figure 24. Electric power input of a conventional booster system (CB_AC), booster system with parallel
compression (PC_AC), multi-ejector enhanced parallel compression system with (PC_EJyr_EJac) and
without (PC_EJyr_AC) AC multi-ejector module in a typical Norwegian food retail store (py;r = 28 bar,
pir = 15 bar, pgac = 5 bar, Qur = 60 kW at foug0r = 30 °C, Qpr = 10 kW, Qac = 45 kW at
toutdoor = 30 °C) [62].
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Compared to R404A direct expansion units for the refrigeration loads and a R410A chiller for the
AC demand, the study by Gullo et al. [52] also revealed that:

e A multi-ejector based solution integrated with the AC unit (solution similar to that in Figure 6)
consumes from 19.3% to 26.9% less electricity;

e  The investigated r1234ze(E)-based indirect arrangements (i.e., With and without integration with
the AC equipment) offer energy savings between 4.7% and 6.4%;

e  The r134a/R744 cascade system separately operating with a r1234ze(E) chiller can reduce the
energy consumption from 1.9% to 4.7%;

e The other assessed solutions (i.e., R1234ze(E)-, R290-, R450A- and R513A-based systems) are not
appropriate candidates.

Figure 25 summarizes the results of the aforementioned study [52] in terms of reduction in TEWI
(baseline: R404A direct expansion units for refrigeration loads and a R410A chiller for AC reclaim).
The researchers estimated that the implementation of the multi-ejector concept leads to a decrease in
carbon footprint from 53.2% to 90.9%. Also, the aforementioned R1234ze(E)/R744 indirect solutions
and R134a/R744 cascade arrangement can reduce TEWI from 40.8% to 88.5% and from 31.5% to
69.7%, respectively.
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Figure 25. Difference in TEWI among various supermarket refrigeration solutions (DXS+R410A CH:
R404A unit+R410A chiller; E]_OV_AC: multi-ejector based system; -IND+R1234ze(E) CH: indirect
arrangements+R1234ze(E) chiller; -CS+R1234ze(E) CH: cascade arrangements+R1234ze(E) chiller)
in several locations positioned below the CO, equator (tyr = —4/-10 °C, t;r = —27/-35 °C,
tac = +3/+5°C, Quir = 120 kW, Qp1 = 25 kW, Q¢ = 120 kW) [52].

3.4.3. Field Experimental Assessments

The data from filed gathered by Fredslund et al. [55] in various locations showed that energy
reductions from 10% to 15% at roughly 30 °C can be attained.

The field measurements collected by Hafner et al. [21] demonstrated that energy reductions
between 15% and 30% over the unit relying on parallel compression can be obtained, depending on
the AC load and outdoor temperature (Figure 26). Also, the researchers measured values of pressure
lift from 5 bar to 10 bar. The data were gathered from a supermarket located in Spiazzo (North of Italy)
between the 1st of May and the 30th of October 2015 at external temperatures ranging from 22 °C
to 35 °C.
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Reduced energy power consumption: Ejector ON

Figure 26. Reduction in energy power consumption [%] by recovering part of the available expansion
work (pyr =29 bar, prr = 14 bar, pji ac = 5+10 bar) [21].

3.5. High Ambient Temperature Countries

For climate reasons, the AC need as well as the refrigeration demand have a crucial relevance on
economic, energy and environmental perspectives in high ambient temperature countries. The more
the global warming effects become relevant, the more the cooling demand will increase, which will
in turn accelerate climate change. According to [63], as a consequence of the enormous growth in
cooling need related to emerging countries (typically hot areas), the energy reclaim for space cooling is
expected to overtake space heating by 2060 and outstrip it by 60% at the end of the century. In addition,
countries with emerging economies feature massive use of high-GWP refrigerants and have only
recently begun the transition from hydrochlorofluorocarbons (HCFCs) to eco-friendlier working fluids,
including R744.

To highlight the interest in multi-ejector based solutions in hot climates too, it is worth remarking
that Middle East’s first “CO, only” refrigeration plant was recently installed in a supermarket
(2000 m?, heat recapture implementation, tyr = —2 °C, t;r = —25 °C) in Al-Salam (Jordan). This plant
was described as a test for commercial “CO; only” refrigerating units operating in high ambient
temperature climate context [64].

The theoretical study by Kvalsvik et al. [65] showed that a transcritical CO, supermarket
refrigeration unit presenting two multi-ejectors modules features 53% higher power input than
separated R410A-based units at the design outdoor temperature of 45 °C. However, the energy
benefits associated with the use of overfed evaporators were not assessed as well as the evaluation
should have been performed on an annual basis.

Singh et al. [66,67] highlighted with the aid of experimental data that R744 ejector supported
parallel vapor compression systems with and without integration with the AC equipment offer stable
operations at high outdoor temperatures.

Blust et al. [68] experimentally showed that a multi-ejector unit is a feasible solution for the Indian
climate context. The results obtained suggested that a maximum value of exergy efficiency of 0.387
can be achieved at an AC evaporator temperature of 12 °C, a MT evaporator temperature of —6 °C,
a LT evaporator temperature equal to —29 °C, intermediate pressure of 52 bar and R744 gas cooler exit
temperatures of 46 °C.

Singh et al. [69] implemented an experimental campaign based on an AC evaporator temperature
between 7 °C and 11 °C, a MT evaporator temperature of —6 °C, a LT evaporator temperature equal to
—29 °C, intermediate pressure of 44 bar and R744 gas cooler outlet temperatures between 36 °C and
46 °C. The results revealed that a maximum total COP, a maxim cooling COP and a maximum exergy
efficiency equal to 4.2 (at 36 °C), 2 (at 36 °C) and 0.315 (at 46 °C) can be accomplished.

Singh et al. [67] experimentally showed that reductions in parallel compression consumption up
to 10.7% can be achieved by ranging the intermediate pressure between 44 bar and 48 bar at R744 gas
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cooler exit temperatures between 36 °C and 46 °C. The assessment was carried out by considering an
AC evaporator temperature between 7 °C and 11 °C, a MT evaporator temperature of —6 °C and a LT
evaporator temperature equal to —29 °C.

The experimental assessment by Singh et al. [66] proved that the use of liquid ejectors leads to an
increase in operating pressure of MT evaporators by 4.5% as well as a decrease in compressor power
input by 5.5% at the R744 gas cooler exit temperature of 46 °C. The MT evaporators operated at —6 °C
in dry-expansion running modes.

4. Other Applications

As mentioned above, CO, represents a promising working fluid for several applications.
The peculiar properties of R744 make this refrigerant particularly suitable for water heating [70,71].
Cecchinato et al. [72] experimentally showed that an air-cooled CO; chiller for commercial refrigeration
presents COP values between 3.1 and 2.0 at outdoor temperatures from 18 °C to 35 °C. However,
reversible transcritical R744 heat pumping units are still limited to niche sectors in warm areas owing
to the substantial energy efficiency penalizations taking place in AC mode [73]. The adoption of a
two-phase ejector allows a R744 heat pump unit to attain the same seasonal efficiency as a R410A
system in residential applications located in mild climates (i.e., north-east of Italy) [73]. Further energy
advantages are supposed to be obtained with the aid of enhancement strategies similar to those
implemented for supermarkets (i.e., multi-ejector concept adoption, direct heating and cooling) [10,73].

4.1. Theoretical Assessemnts

Schoenenberger and Fraga [74] theoretically estimated that a multi-ejector based “CO; only”
vapor-compression system has an average value of COP 3.6% lower than that of the reference
R717/R744 cascade arrangement with secondary loop. The evaluation was based on industrial
application and the climate context of Valencia (Spain). The selected baseline was the most preferred
ultra low-GWP alternative to the currently employed units (i.e., R507A-based solutions) for the
investigated application, i.e., fish processing plant. However, the authors highlighted that the higher
energy costs associated with R744 as the only refrigerant can be compensated by the reduction in
maintenance costs (between 15% and 20% lower) as well as in investment cost (15% lower at the
present time and 22% as a cost forecast for 2020) compared to the R717-based cascade system. As a
consequence, in August 2017 two racks based on the schematic represented in Figure 27 were installed
to substitute a R507A-based unit in a fish processing plant close to Valencia (Spain).
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Figure 27. Schematic of the multi-ejector based “CO, only” vapor-compression systems installed in a
fish processing plant in Valencia (ty;r = +2 °C, tyr = =20 °C, typ0 17 = —40 °C, Qporar = 764 kW) [74].
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The units featured evaporators being partially overfed at all the evaporating temperatures as
well as heat recovery implementation devoted to produce hot water at +78 °C (heating capacity of
150 kW) for room cleaning, steam generation, etc. Another emerging application is currently related to
reversible chillers for high energy-demanding buildings.

4.2. Laboratory Experimental Assessments

The results obtained by Boccardi et al. [75] suggested that the throttling losses of a R744
air-to-water heat pump unit can be decreased by 46% by adopting the multi-ejector concept over the
investigated running modes. However, the improvement in overall exergy efficiency was found to be,
at best, equal to 9% in comparison with the basic solution.

Boccardi et al. [76] performed a sensitivity analysis on a multi-ejector CO, heat pump water
heater (see Figure 28) considering the ejector area ratio, the compressor frequency and the outdoor
temperature. The outcomes obtained showed the existence of an optimal multi-ejector configuration,
as depicted in Figure 29a. In addition, the evaluation revealed that the optimum ejector performance
does not coincide with the best performance in terms of COP and heating capacity (Figure 29b).
This implies that the performance of the ejector can be enhanced by improving its design. Finally, it
was found that it is needed to switch from an ejector configuration to another in order to maximize the
performance with respect to the external temperature (Figure 29¢).
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Figure 28. Schematic of the multi-ejector R744 air-to-water heat pump unit (left-hand side) and its T-s
(a) and p-h (b) diagrams [76].
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Figure 29. (a) Heating capacity (left) and compressor work (right) variations as a function of the
overall ejector cross section; (b) COP (left) and ejector efficiency (right) variations as a function of the
overall ejector cross section; (¢) COP (left) and ejector efficiency (right) as a function of the compressor
frequency [76].

Boccardi et al. [75,76] also evaluated ejector efficiencies below the ones available in the open
literature. This was due to the fact that a multi-ejector module designed for refrigeration applications
(i.e., high pressure lift and low mass entrainment ratio) was used.

Singh et al. [77] experimentally assessed the performance of a transcritical R744 heat pumping
system equipped with multi-ejector block aimed at hot water production in the Indian climate context.
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The results showed that total COPs between 7.2 and about 4 and COPs in cooling mode between 4 and
about 2 can be achieved at R744 gas cooler outlet temperatures from 36 °C and 46 °C. The evaporating
temperature was ranged between 7 °C and 9 °C during the experimental campaign.

5. Conclusions and Future Work

The development of the multi-ejector concept has helped to consolidate the position of commercial
transcritical CO; refrigeration systems as market-ready alternatives to HFCs in any climate context.
Also, their reliability and feasibility have been widely proved via a relevant number of installations
and considerable energy savings have been estimated as well as actual energy consumptions have
been monitored and reported in the literature. However, many retailers are still reluctant to consider
R744 as the sole refrigerant for supermarkets located in warm climates due to:

(1)  The persevering non-technological barriers, amongst which the lack of awareness of available
technologies at decision making level and the lack of trained installers and service technicians [78];

(2) The limited amount of available field measurements and economic evaluations, especially with
respect to the latest proposed solutions (i.e., Units relying on two multi-ejector blocks and /or
implementing direct heating and cooling fan coils and air curtains). The availability of such
information would help to build confidence in these solutions and thus lead to finally open the
doors to their market penetration in warm climates as well.

Also, the multi-ejector concept is perceived to be the key to promote “CO, only” vapor-compression
systems in other high energy-demanding buildings (e.g., hotels, spas, gyms) located in warm locations.
However, the implementation of multiple ejectors operating in parallel is at an early development stage
in this sector. The proliferation of these solutions will heavily depend on the energy advantageous
attainable by simultaneously adopting a multi-ejector block and overcoming the secondary fluid
penalization via direct heating and cooling technique, especially in warm areas.

The aforementioned knowledge gap will be bridged with the aid of MultiPACK (www.ntnu.edu/
multipack).

Finally, it is worth remarking that the multi-ejector concept is still in its infancy in high ambient
temperature countries (e.g., India) and extensive energy, environmental and economic assessments
based on field measurements are necessary.
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Nomenclature

Symbols, abbreviations and subscripts/superscripts
AC Air conditioning

copP Coefficient of Performance (-)

DHW Domestic hot water

GWP Global Warming Potential (kgcozyoqmmcm -kgr’e} rigera nt)
h Enthalpy per unit of mass (k] kg™

HCFC  Hydrochlorofluorocarbon

HEFC Hydrofluorocarbon

HP High pressure (bar)

HVP High pressure electronic expansion valve
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Symbols, abbreviations and subscripts/superscripts

HX Heat exchanger

THX Internal heat exchanger

P Intermediate pressure (bar)

LP Low pressure (bar)

LT Low temperature (°C)

m Mass flow rate (kg-s™1)

MP Medium pressure (bar)

MT Medium temperature (°C)

oDr Ozone Depletion Potential

4 Pressure (bar)

Q Heat transfer rate (kW)

RC&H Refrigeration, cooling & heating
s Entropy per unit of mass (kJ-kg~1-K~1)
t Temperature (°C)

TEWI Total Equivalent Warming Impact (toncoz,equivalent)
w Power (kW)

Greek symbols

7 Efficiency [-]

I1 Suction pressure ratio [-]

w Mass entrainment ratio [-]
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Abstract: In a commercial building, a significant amount of energy is used by the ventilation systems
to condition the air for the indoor environments to satisfy the required quantity (temperature and
humidity) and quality (amount of fresh air). For many years, Variable Air Volume (VAV) systems
have been considered as the most efficient solutions by balancing the airflow volume based on the
demand making them energy efficient when compared with the traditional Constant Air Volume
(CAV) systems. However, the setpoints in VAV systems are often misread by the sensors due to
stratification and formation of pollutant pockets and responding to design levels that overestimate
the real-time demand conditions, which result in waste of energy, thermal discomfort and unhealthy
air. In general, VAV devices are expensive, complicated and prone to failures and they are used only
in medium and large projects. More recently, new technologies have evolved to solve this issue.
In one of the new solutions, VAV motors terminals are replaced with flaps which are simpler and
less expensive thus, they can be implemented in a wider range of projects. In systems, balancing and
supplying the optimal airflow to reduce the energy consumption while delivering ideal thermal and
Indoor Air Quality (IAQ) levels are the main challenges. In this paper, a comparison of the recent
technologies with traditional VAV systems is presented to be used as a guild line for researchers and
designers in the field of Heating Ventilation Air Conditioning (HVAC).

Keywords: HVAC; pressure based control; damper control; static pressure reset; CO, reset;
demand-based control; energy saving; human well-being; IAQ; Atomic Air

1. Introduction

Climate change, air pollution and global warming are the critical concerns that need immediate
action. Even though mitigation measures have been implemented around the world, significant
efforts are still required to limit the rise in the global temperature to the 2 °C as stated in the Paris
Agreement [1-3]. Building sector accounts for approximately 40% of the total world final energy
consumption and around one-third of the greenhouse emissions, therefore, it plays an important role
to reduce the impact on the environment [4-6].

In buildings, the major portion of energy is consumed by the mechanical services, heating and air
conditioning systems, with the share of around 50-82% [7,8]. Consequently, during the last decade
researchers have focused on the optimisation and development of strategies to improve the efficiency
of such systems [9,10]. However, reducing the amount of energy consumed by the air conditioning
systems, must not compromise the indoor air quality (IAQ) and thermal comfort [9]. Because as it
has been shown, IAQ has a direct impact not only on people’s health and wellbeing but also on their
productivity [11] as they spend approximately 90% of their time within indoor environments [12,13].
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Typically, ventilation in buildings is provided using heating, ventilation and air conditioning
systems (HVAC) that condition air by utilizing either indoor conditioning units that recycle indoor air
or centralised air handling units (AHU) that may utilize either indoor or outdoor air and then supply
the conditioned air into each zone. Since multiple zones could have different requirements due to
differences in the number of occupants, equipment, devices and activities, the ventilation in different
terminals may be unevenly distributed producing discomfort. Also, energy could be wasted in over
ventilated spaces due to poor equipment control, variability, supply and exhaust fans typically work
on an equal basis and work more than required [14].

To address these challenges and reduce the energy consumption by the ventilation system, it is
identified that the air distribution system is the critical parameter. Reducing the volume of airflow
required by the system, while achieving the appropriate levels of IAQ, will have a significant impact
on the overall performance of the HVAC systems [15]. Equally important, if the ventilation system
is using less air flow—so that conditioning less air—equipment such as the chiller, cooling towers,
pumps and other mechanical services will have a lower load with less energy demand.

Early HVAC systems were based on constant air volume (CAV) controls that condition the spaces
by heating/cooling the constant airflow depending on the requirement thus they can only control the
temperature of a specific area. Consequently, CAV systems cannot satisfy the temperature requirements
in every zone. The variable air volume system (VAV) was later introduced as a novel solution to
control the air flow rate in responding to dynamic loads in each zone [16]. In the terminals of the
system, VAV boxes measure and control the volume air flow by opening or closing dampers to deliver
the required amount of air. Then, the change in the pressure drop in the air ducts, generated by the
dampers (30%-100%), triggers a signal to the supply air fan to increase or decrease the air flow [10].
However, despite that the VAV systems are efficient, their performance highly depends on their control
strategy [17].

The VAV systems have been implemented since the end of the World War II and became highly
popular in the 70’s. Since then, various improvements in the control, measurement techniques
and sensors have been developed [18]. More recently different studies have been looking for
simpler, more efficient and less expensive solutions to deliver the minimum amount of airflow while
endeavouring to provide an ideal IAQ [15]. By using motor flaps—instead of VAV boxes—the air
flow could be regulated. However, determining the current airflow becomes a challenge since it
cannot be measured directly without significant cost implications. Therefore, the air flow as a direct
control parameter must be replaced, for example, by the zone pressure, the static duct pressure,
the temperature, CO; level or a combination of them.

Until now, no attempt has been made to compare the new control strategies for minimising the
air flow in multi-zone air conditioning systems. This paper mainly focusses on the investigation and
comparison of these control strategies, their control objectives and their control parameters. The main
goal is to identify the energy saving potential of each alternative and their impact on the indoor
environment. Consequently, the structure of the paper is as follows: Section 2 describes in more detail
the problem and the motivation of this paper. Section 3 focused on developments related to VAV
systems and their control strategies; Section 4 discussed and compared the modern control strategies
to assess their impact on the thermal comfort, IAQ and energy consumption.

2. Background

The focus of this literature survey is on modern control strategies that relay on enhancing the
balance of airflow within multiple zones to improve the energy consumption of the HVAC system.
Furthermore, it focuses on the assessment of each control strategy looking at their impact on the thermal
comfort as well as IAQ. Figure 1 shows a schematic diagram of a typical VAV system. In general,
these systems have a central 1-3 speed AHU that delivers primary air at a defined temperature to
terminal boxes in each zone. The terminal boxes or VAV boxes have a primary-air damper controlled
automatically. This damper regulates the volume of primary air delivered to the box according to the
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demand. Since each box regulates the air flow independently, the total volume supplied by the AHU
varies according to the demand of all the boxes. Thus, the variable airflow is achieved by controlling
the speed of the supply air fan [19].

Variable Speed
Pre-heating  Supply Fan

Cooling coil

Filter

Variable Speed
Exhaust Fan

@  Pressure gauge
& sensor L
|:| Terminal Unit I I

)
i Damper

Figure 1. Schematic diagram of a typical variable air volume (VAV) system. Adapted from [20].

Regarding the energy consumption of the ventilation system, between all the components,
the supply and exhaust fans are responsible for 50% and 33%, respectively [21] hence, conservation
measures should be focused in these devices. In addition, it can be demonstrated that the air volume
flow has quadratic and cubic relations with the pressure and the power consumption correspondingly.
This means that a reduction of the air volume flow by 10% will result in power consumption savings
of 27%. In detail, it is critical to reduce the overall air volume flow required by the VAV system to meet
the comfort levels as well as avoiding peak periods of high air volume demand followed by low air
volume flow demand periods [15].

In conventional systems, VAV boxes play a major role in both energy consumption and thermal
comfort as they control the overall airflow required (but struggle with and are restricted to a 30%
minimum supply to avoid airdrop) by the system as well as the airflow delivered to each zone.
They have multiple components such as a controller, temperature sensor, actuator, damper, reheating
coil and air flow sensor [22], VAV boxes are complex devices with embedded electronics which
are expensive and prone to failures [15,19]. Hence, they are only applicable to large or medium
construction projects [7].

Even though VAV systems are efficient solutions, it is still difficult to minimise the air volume set
point. The simplest control solution is to set a constant air flow or a constant static pressure in the air
ducts—usually during commissioning—for one specific occupancy scheme. The VAV terminals adjust
the damper to deliver the required amount of air in each zone. Then, the supply fan adjusts the air
flow to maintain the setpoint. However, often the set points are higher than required because they are
not adjustable to the real demand, causing discomfort and waste of energy. As a consequence, many
researchers have been focusing their efforts in developing complex control strategies such as Static
Pressure Reset (SPR) [18,23], CO; reset [7,24,25], time average controls [26], fault adaptive controls [19],
etc. These strategies are based on empirical, physics-based, data-driven or grey box approaches which
are complex and sometimes difficult to implement in existing systems. Additionally, novel strategies
are exploring a physical phenomenon known as diffuse ventilation to improve the environmental
indoor climate and, at the same time, reduce the energy consumption.

Furthermore, with the aim of reducing complexity, extending the usage of VAV systems to small
and medium projects, reducing the costs and ensuring a more efficient usage of the energy as well as
a proper IAQ and thermal comfort, different studies have focused in the development or adaptation of
control strategies to use motor flaps instead of VAV boxes [15,27]. The primary challenge here is how
to estimate and control the air flow without measuring it directly—as the VAV boxes attempt to do.
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3. Control Strategies in VAV Systems

VAV systems are more efficient than the constant air volume (CAV) systems because they adjust
the amount of air supplied in different zones (with different requirements). However, their efficiency
highly depends on the control strategy implemented to balance and distribute the airflow in each
conditioned space. Early versions of manufacturers’ control strategies require to define the principal
air flow supply volume as a design parameter (usually defined during the commissioning stage of the
project) without being determined automatically during the operation. Commonly, this parameter
is overestimated so that the temperature in the zones that are being conditioned are normally lower
than required (causing discomfort) and the fans work more than necessary (causing energy wastage).
This category of control strategies are summarised by Pang et al. [17] as follows:

e Occupied zone set-point temperatures and night set back
VAV box minimum flow (typically 30%)

Optimum start
Supply air temperature reset

Economiser and minimum outdoor air intake

These strategies could be improved since in general they are based on maintaining a constant
static pressure (CSP) set-point in the main duct without considering the actual pressure demand. In the
following sections different strategies are presented. Figure 2 demonstrate the alternatives and features

of different VAV systems.
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Figure 2. VAV alternatives and features.
3.1. Duct Static Pressure-Based Control Strategies

To reduce the supply fan’s energy consumption, different studies have focused on strategies to
reset the static pressure setpoint. Early versions of this strategy are based on measuring the airflow
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rate and mathematical models to determine the static pressure reset setpoint [16,28]. The effectiveness
and performance of these solutions are limited by the accuracy of the airflow sensor thus the airflow
as a direct feedback parameter is replaced by the position of the VAV boxes damper. This improves the
accuracy of the control but increases its complexity as the required mathematical model to describe the
relationship between the duct static pressure and the damper position needs to address non-linear
and multivariate phenomena with long delay times [29]. For this reason, a solution focused on
developing fuzzy control strategies that replace the mathematical models have emerged. The first
alternative that is recognised to be more efficient and stable in its category is the Trim and Respond
static pressure reset (SPR) control strategy. Koulani et al. [30] studied on its operation and potentials
by developing a mathematical model using Simulink and validating it with an experimental setup.
This method involves the integration of a building management system (BMS) with the VAV terminals
by informing the supply fan with the pressure needed to satisfy the conditions in the most critical
zones. Particularly, the Trim & Respond SPR method is based on zone pressure request alarms. In this
case, every damper of the VAV system sends an alarm signal when it is open more than 85% and
keeps sending the signal until the damper closes to 80%. Additionally, this method resets the pressure
set point every 90 sec within a specific pressure range—upper limit is equal to the CSP setpoint and
the lower limit is determined according to the pressure demand to guarantee an optimal damper
operation. Koulani et al. concluded by simulating the SPR and CSP control strategies and calculating
the fan power that the energy consumption is reduced by 14%. However, they did not consider the
TIAQ parameters in the study.

Zhang et al. [29] developed a strategy where the zone temperature sensor follows its setpoint
by adjusting the supply airflow which is controlled by the terminal damper position feedback.
Additionally, two sequential controllers are implemented to realize a pressure independent control.
The first one uses the temperature of the conditioned space and its setpoint as the inputs to define the
supply airflow setpoint. Then, the second one takes the calculated airflow setpoint and the airflow
measure to define the position of the damper. This solution ensures a supply airflow to meet the
demand according to occupancies’ thermal demand and the indoor load. In particular, this method
decreases the terminal damper resistance loss and the system resistance so that a lower static pressure
setpoint is achieved as well as better stability.

Walaszczyk and Cichdn [18] analysed the impact of not only the trim and response strategy but
the proportional-integral-derivative (PID) control on the energy consumption of the HVAC system [18].
The last one involves a standard PID control to determine the static pressure set point. Explicitly, as the
zone’s demand decreases the zone’s damper begin to close. Then, the duct static pressure setpoint
is reduced until the critical zone’s damper is almost open. Walaszczyk and Chichén simulate both
strategies and compared them to the CSP method. They found that strategies that reset the duct’s
static pressure setpoint have a better performance in terms of energy consumption. Additionally,
a small improvement was found using the trim and response alternative over the PID control. Figure 3
illustrates the static pressure reset control strategy based on VAV damper opening.

—Damper Position Reset (+)} SPR (+
Controller

Damper Position of Critical Zone (-)

Damper Posit

Figure 3. Static pressure reset control strategy based on VAV damper opening [17].

Later, Rahnama et al. [23] developed a SPR strategy that instead of identifying the critical zone
by the position of the dampers (i.e., the airflow rate), it measures the static pressure directly at
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the terminals. This becomes important as they highlighted that not only the air flow is important,
but the dimension and layout of the ducting system are determinant factors. They implemented four
conditions to control the system and waiting times between actions to let the system reach balance:

e The air flow at the dampers has not changed and the set point is kept—No action required.

e  The total air flow increases but the current pressure setpoint is still enough—No action required

e A wide-open damper triggers a request for air from the beginning. The total flow rate is fixed by
increasing the pressure set point until the request is fulfilled.

e A partially open damper turns into a wide-open damper and then send a request for air. The total
flow rate is fixed by increasing the pressure set point until the request is fulfilled.

Finally, to evaluate this method, Rahnama et al. developed an experimental mock-up laboratory
where the air flow rates were assumed to be known at each terminal damper so that there were no real
zone areas and demand-controlled ventilation. They found a considerable reduction of 27%, 36% and
21% in fan power use.

Rahnama et al. [31] have continued their investigation on duct static pressure reset control
strategies exploring a solution where the terminal dampers are replaced for decentralised fans. In this
case, the main supply fan only compensates the pressure of the zone with the lowest pressure drop
(critical zone). The decentralised fans provide the required local pressure to fulfil the demand in the
other zones. Two sequential controls regulate the speed of the primary and decentralised fans. The last
one can be adapted to respond to zone CO; levels, occupancy sensors, etc. They implemented this
novel solution in an experimental mock-up under different airflow rates. At the end, Rahnama et al.
estimated an average reduction of 30% in power use with this new system.

The proliferation of Building Automatization Systems (BMS) made it possible to implement
more complex algorithms and exploit a large amount of data that can be recorded. For example,
Tukur and Hallinan [32] explored a different approach involving a duct static pressure reset coupled
with statistical information. This historical data is used to build a plot to describe the relationship
between the system loss coefficient (K) and the weighted mean damper position (D). From the K-D
plot, an extensive amount of information to describe the system, can be extracted including: the best
damper configurations to deliver a particular condition (quality and quantity of air) and minimise the
energy consumption.

More recently, Jing et al. [33] showed that SPR control strategies that use a feedback indicator to
reset the static pressure often produce under and over ventilation in different zones. To address this
problem, they developed a comprehensive mathematical model to simulate the non-linear phenomena
of the ventilation system, this is the relationship between the pressure drop and the airflow at the
terminal damper. In addition, they implemented a supervised machine learning algorithm to obtain
unknown parameters in the model. Then, they developed a damper position control method to
guarantee that the system is well-balanced. Finally, an optimal static-pressure set-point selection
method is used to calculate the minimum closed-form static pressure which guarantee the system is
energy efficient and delivering the required airflows in each zone. Jing et al validated this strategy and
compared it with traditional SPR strategy using an experimental setup. They found energy savings of
21.4% while delivering the desired airflow rates.

3.2. CO,-Based Control Strategies

Until here, the control strategies presented are based on the duct static pressure to balance the air
in different zones taking into account the temperature as an input parameter. Indistinct of the method
to balance the air flow, CO, could be used to estimate the strength of occupant-related contaminant
sources. For example, Lin and Lau [24] proposed a CO,-based demand control strategy in multi-zone
HVAC systems. This is a dynamic reset approach focused on adjusting the outdoor air rate continuously
according to the CO, produced by the occupants and then modulating the dampers to maintain the
outdoor air rate at the new set point. Using CO, or occupancy sensors the system reacts to the variation
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of occupancy rates in one or more zones as well as to the variation of the system ventilation efficiency.
Specifically, the CO, concentration in each zone, system primary supply and exhaust air, and each zone’s
primary airflow volume rate must be measured to implement this approach. Then, the outdoor air rate
is determined using ANSI/ ASHRAE standards 62.1. The performance of this approach is compared
with a single path VAV system by using energy and airflow simulations of a classroom/ office building
modelled with realistic occupancy schedules. It was found that the average annual system outdoor air
rate for the proposed approach was 14.6% less than without a demand-controlled ventilation strategy.
Additionally, it was estimated that the monetary saving is between 0.3% and 11%.

The previous alternative focused on the system level—since the minimum airflow rate set-point
of a VAV boxes is maintained constant based on the design occupancy of the zone. However, a further
saving potential can be exploited at the zone level. For this reason, Liu and Lau [25] developed two
additional alternatives to dynamically reset the zone airflow to maintain the system either at a target
outdoor airflow rate or at a target system ventilation efficiency. On one side, the first option is called
COy-based DR+ZDR_Vot which has the same previous CO, dynamic reset for the system outdoor
air rate and it adds, at the zone level, a control that resets the airflow minimum set point to decrease
the primary outdoor air fraction by increasing the zone airflow rates in the critical zone. On the other
hand, the second option is called CO,-based DR+ZDR_Ev which reset the minimum set point of the
zone primary airflow to maintain the value of the system efficiency greater or equal to the design
value. This can be achieved by modulating the zone airflow rate. Again, the system level strategy is
the CO;-based dynamic rest strategy explained previously and the zone level control increases the
minimum airflow set-point to decrease the zone outdoor fraction and increase the system ventilation
efficiency to a target design efficiency. The same simulations of energy and airflow used in the first
part of this study are used to compare and evaluate the performance of these options. The results show
that the average annual system outdoor air rates are 44% and 45% less than the values for the VAV
system without a demand control strategy. Additionally, the annual monetary savings are between
24% and 46% for the first option and between 26% and 46% for the second option.

Following the CO; based controls, Kim et al. [22] proposed a VAV terminal unit control method
that meets the ventilation requirement to control IAQ by controlling the air flow rate. The idea
is to delay the outdoor air inlet time and to reduce the outdoor air flow rate, to control the CO,
concentrations in the conditioned spaces. The following actions are proposed if the requirement of
CO; concentration is not met (less than 1000 ppm):

e Increase the air flow rate of a terminal unit in the critical zone—do not increase the outdoor air
flow rate.

e If ventilation CO, concentration is low, use recirculated air—do not increase the outdoor air
flow rate.

e If above actions are not possible, increase the outdoor air flow rate.

At the end, the minimum airflow rate at the terminal is controlled not only by the temperature
of the conditioned zones but their CO, concentration to achieve both thermal comfort and IAQ.
Additionally, the proposed solution was compared to a fixed minimum air flow method using TRNSYS
17 by reproducing a case where an AHU is selected to condition eight target spaces. It was found that
the target temperature is maintained in both cases, but only with the proposed solution, the IAQ was
acceptable. Furthermore, the energy consumption was decreased by 20%.

Previous technologies integrate CO, based demand controls to guarantee the IAQ together with
the thermal comfort and control the air flow using VAV boxes. More recently, different studies are
looking for alternatives to the VAV boxes to control the airflow in each zone since they are expensive,
complicated, prone to failures and only used in large projects. The challenge of this idea is to find
a way to measure and control the air flow without the airflow sensors embedded in the VAV boxes.

Zucker et al. [15] proposed the implementation of motor flaps instead of the VAV boxes. To replace
the flow measurement equipment, they developed a model based on the pressure drop of the air

85



Energies 2019, 12, 347

ducts and the CO; levels to control the flaps positions. In this method, the supply air fan receives
a set-point for the differential pressure that needs to be fulfilled, and the flap angle of a motor flap
control and the air volume flow that needs to be supplied in each zone. Furthermore, this solution
is developed in a way that it can be easily implemented and integrated into building management
applications without additional instruments or setups. Thus, the pressure drop within duct segments
is not measured directly but calculated with a model based on the system schematics. This implies that
the pressure drop model needs to be developed for each duct system and building topology. Figure 4
illustrates the CO, reset strategy.

Two models work together, the pressure drop model of the system and the CO, zone model.
The first one calculates the current air volume flow into the zone at any moment and adjusts the power
of the fan required to fulfil the demand. The second one calculates the CO; level of the zone depending
on the incoming air flow, the number of occupants and the geometry of the zone. In general terms,
the supply air fan receives a pressure set-point and update the current pressure to the dynamic model.
Afterwards, the motor flaps receive the angle set points. Again, the CO; level in the zone and the flow
volume in each terminal are measured together with the pressure and volume flow at the supply air
fan to calculate the new set points.

Zucker et al. validated their approach by comparing their model implemented in MATLAB™ and
measuring data collected from a ventilation system in a passive house office building in Vienna, Austria.
The estimated investment cost saving of motor flaps compared to VAV controller, is around 55% and
the new approach improves the energy efficiency by 5%. However, this approach has a significant
modelling effort that does not compensate for the savings thus is not practical for implementation. It
was suggested to redefine the modelling strategies by using Building Information Model (BIM) and
implementing a grey box modelling to reduce the complexity of the models.

SP (-

CO2 set-point (+ }—»‘ En‘or—b@—vm—pn

CO2 measured ( - )

v

Figure 4. CO, reset control strategy [15].

3.3. Fault Tolerant Control Strategies

As it was mentioned earlier, VAV boxes are versatile and flexible devices used to control the airflow
and deliver the adequate amount of air in each conditioned space. However, these elements are highly
complex, expensive and more importantly prone to failures. These failures need to be identified, isolated
and corrected because they have an adverse effect in both, thermal comfort and energy consumption [34].
For this reason, researchers have been focused on the development of fault-adaptive control strategies
which consists of two sequential subsystems. The first one provides information about the occurred fault
and the second one adapts the control to the faulty operation. As shown by Darure et al. [19], most of
the fault-adaptive control strategies are designed to recover the system and the control performance at
the cost of higher energy consumption. Instead, they integrate explicitly the energy consumption of the
building as an indicator to be minimised under a faulty operation. First, a fault detection and diagnosis
module identifies and isolates the damper failure and then, a fault-adaptive control lock-in the issue and
makes possible to reduce the energy consumption of the building within desired thermal comfort levels.
This solution is tested in a building in the city of Nancy, France.

3.4. Room Pressure-Based Control Strategies

In 2011 a new control strategy for ventilation and conditioning systems was invented by Albert
Bauer and patented by Bosch GmbH [27]. It is claimed that this invention allows a cost-efficient and
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flexible air stream control for improving the comfort and the zone climate. This technology results
as an alternative to the volume stream controllers used in conventional systems that, in general,
are cost and maintenance intensive and it replaces them by cooperating climate and differential
pressure controllers and throttle flaps. It is claimed that, the device controls the inlet and exhaust
fans, and the inlet and exhaust throttle flaps in order to maintain the desired levels of zone pressure,
room temperature, CO,. These variables become direct control parameters which allow the system to
work with the minimum inlet and exhaust fan power so that the energy is used efficiently, while each
zone is conditioned independently as desired within a £2 °C setpoint.

The system is composed of (1) an inlet and exhaust fan in central inlet and exhaust channels;
(2) inlet and exhaust throttles in secondary channels that connect each zone with the central channels;
(3) climate sensors in each zone to be conditioned (e.g., temperature, humidity and CO, sensors);
(4) pressure sensors in each zone to be conditioned. Additionally, there are different controllers to
adjust the throttle openings and the AHU fan power as follows:

e  Climate controls:

O First climate controller: controls each zone’s input throttle flaps opening cross section to
ensure the desired zone climate.
O Second climate controller: adjust the input fan requirements to ensure enough pressure is
available to provide the necessary airflow in all zones.
e  Pressure controls:

O First a fine differential pressure sensor (with pressure piping to indoor & outdoor) and
controller: controls each zone’s exhaust throttle flaps opening cross section to ensure the
desired zone pressure.

O Second pressure controller: adjust the exhaust fan power required to maintain the desired
pressure in all the zones.

O Third pressure controller: controls each zone’s input throttle flaps opening cross section to
ensure the desired zone pressure.

O Fourth pressure controller: controls the inlet AHU fan power in case that the exhaust fan
power is not enough to maintain the zone pressure and climate levels in all the zones.

This controller allows maintaining the duct static pressure at minimum level so that all the zones are
supplied with the required amount of fresh air. Additionally, it allows to define and control the pressure
within each zone. In this way; it is possible to produce a pressure differential between the zone and the
atmosphere. This control system needs constant feedback from number of sensors that are connected via
BMS, however, the digital infrastructure of BMS does not allow such heavy load of data transition.

More recently, the advancement in the telecommunication technologies has created the new era of
the Internet of Things (IoT). The IoT based sensing technologies have penetrated into the HVAC operation
and control systems, creating smart control devices for the ventilation and conditioning the building.

A revolutionary approach called “Atomic Air” was invented by Saxby [35] to create superior
indoor atmospheres and is claimed to have mechanical energy savings along with superior IAQ.
The system allows a cost-efficient installation for creating superior indoor for each zone [35].
This invention utilises a unique control algorithm based on gas laws while utilizing artificial intelligence
to finely tune and control the HVAC plant. The algorithm creates a stochastic molecular motion via
high-velocity molecular collisions within the space, this creates a completely diffused atmosphere.
The solution controls the energy input (heat/coolth, volume and mass), supply and exhaust fans
independently, and the supply and exhaust dampers in order to maintain individual room atmospheres,
temperature, CO, and humidity (Figure 5). These variables become direct control parameters which
allow the system to work with the minimum energy input (heat/coolth), supply and exhaust fan
power so that the mechanical energy is used efficiently and assisted by the utilisation of the kinetic
energy exchange via the molecules. This efficiency means the system no longer has to compensate for
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convection (via large air volumes) and can use pure thermodynamics to mitigate excess heat or coolth.
The overall air treatment volume can be reduced very significantly while not only maintaining but
controlling IAQ to programmable and high standards.

Return Air

Pressure
mp 3

Individual Zone Control

',
Addng

Figure 5. Schematic diagram of the Atomic Air system.

4. Discussion

In previous section the novel and revolutionary strategies to balance the air flow in multi-zone air
conditioning systems were reviewed. These solutions are then categorised depending on the device
used as terminal: On one hand the VAV boxes are used to measure pressure and air flow as well as
to control the air flow; On the other hand, motor flaps are used to control the air flow supply and
alternative strategies are developed to measure or estimate the required air flow to be supplied in each
zone. Both methods are intended to minimise the air flow that is used by the ventilation system so that
the energy consumption is improved. However, as it was later discussed, it is not only about thermal
comfort but IAQ. Consequently, this review included technologies that are being developed to achieve
ideal IAQ levels or that already implemented a control parameter related to this.

VAV boxes are terminal units equipped with a range of sensors to measure parameters such as air
flow, pressure, temperature, etc; dampers and complex electronic components. As a result, they can
be used within different types of control strategies, they are versatile and adaptable to different
requirements and conditions. Nonetheless, they are expensive, which make them suitable only for
medium and large projects, and susceptible to failures, which affects the performance.

Then, the paper presents novel solutions such as “Atomic Air” to balance the air flow using motor
flaps instead of VAV boxes. This reduces the investment cost and the failure risk since they are simple
devices. On the contrary, without airflow measurement equipment the control strategies must find
models or relations with other parameters to control the air flow by adjusting the angle of the flaps.
Some new technologies have taken an entirely new approach to the problem looking firstly at the
atmosphere and how molecules react in certain circumstances. This combined with real-time plant
and damper control has yielded system accuracy to setpoint within 0.4 °C building wide with a fully
controlled IAQ and energy savings up to 70%. The result is an effective system that reduces the air
volume processed at plant by typically 30-70%, but with-in zone delivery (via molecular expansion) to
more than suffice the real-time requirement of IAQ and room condition.

Table 1 summarises the key points of each strategy presented. As shown, first technologies are
based on resets of the duct static pressure using VAV boxes. As they do not consider an IAQ parameter
the improvement of the energy consumption that they achieved (compared to constant static pressure
strategies) could not guarantee the IAQ required. However, Rahnama et al. [23] have started to include
CO, as demand parameter and the next chapter of their studied will include this within their approach.
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In connection with the CO,-based reset control strategies, they improved the energy consumption
as well as the JAQ. However, they still rely on design setpoints to adjust the air flow. By scheduling the
expected occupancy in the zones together with real-time CO, measurements, the air flow is adjusted.
These alternatives have an important potential since they could be responding to predefined conditions
and not the actual demand.

Furthermore, it can be noted that many studies focused on solutions to improve the energy
consumption while achieving ideal IAQ and thermal comfort levels using VAV boxes to control and
measure the airflow. Nevertheless, it has been demonstrated that it is possible to use motor flaps
to reduce complexity and costs. For example, Zucker et al. [15] developed a motor flap technology
based on CO, reset controls couple with the pressure. However, this solution is impractical due to
the complexity of the model. To be implemented, the models developed to estimate the required
airflow need to be simplified. Instead, Bosch’s novel approach [27] controls the airflow supplied in
each zone depending on climate sensors such as temperature and CO, sensors together with a zone to
outdoor differential pressure sensor. However, it can cause issues in tall buildings, at altitude and with
vapour pressure.

5. Conclusions

This paper presents a review concerning novel technologies to minimise the energy consumption
of ventilation systems. Two categories were investigated, first VAV systems that control the airflow
using VAV boxes and then, solutions that use motor flaps. While many studies have focused on the
first one, developing static pressure rests and CO, reset models is considered to be the novel approach
that is fast growing. There are many opportunities to further exploit the potential of the presented
solutions by ensuring that the supply airflow is answering the real-time demand condition of the
zones. An alternative approach in the first category is a hybrid system that utilise VAV combined with
the motor flaps. This has found to have the best outcome in terms of IAQ and energy saving. There is
a limited study presented on the hybrid approach. Their performance could be further improved by
studying in depth the effect of the overpressure on the IAQ. These systems use complex mathematics
to control the VAV systems. Therefore, they have been designed to offer a plug and play solution,
that can be added as a new installation or can use in an already installed VAV or motor flaps to improve
the system performance. Finally, tailored computer modelling need to be developed to facilitate the
implementation of these technologies and how they can be improved through DC fans, compressor
and chilled water technologies during the HVAC system design.
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Abstract: The energy demand in buildings represents a considerable share of the overall energy
use. Given the significance and acknowledged flexibility of thermostatically controlled loads,
they represent an interesting option for the implementation of demand side management (DSM)
strategies. In this paper, an overview of the possible DSM applications in the field of air conditioning
and heat pumps is provided. In particular, the focus is on the heat pump sector. Three case studies are
analyzed in order to assess the energy flexibility provided by DSM technologies classified as energy
efficient devices, energy storage systems, and demand response programs. The load shifting potential,
in terms of power and time, is evaluated by varying the system configuration. Main findings show that
energy efficient devices perform strategic conservation and peak shaving strategies, energy storage
systems perform load shifting, while demand response programs perform peak shaving and valley
filling strategies.

Keywords: demand side management (DSM); energy efficiency; energy storage; demand response
(DR); flexibility

1. Introduction

Energy consumption in the residential sector represents about 40% of the total energy use both
in Europe and in the US [1,2]. In particular, heating and cooling in buildings have a high share
of the overall energy use. Air conditioners are responsible on average for around 5% of global
electricity consumption, with a variable percentage country by country (e.g., 14% in the US and 40%
in India) [3], and such share is expected to grow due to the increasing refrigeration demand also
due to global warming. The relevance of heat pumps is also increasing; in 2015 about 800,000 units
were sold in Europe and a growing trend in sales is estimated for the coming years [4]. Nevertheless,
buildings are considered a resource in power systems thanks to the high energy flexibility they promise.
Indeed, in buildings there are several deferrable loads (e.g., laundry machines and dish washers)
and thermostatically controlled loads (TCL), such as heat pumps, refrigerators, and air conditioners.
The latter technologies, especially, contain various forms of storage, which can be used to alter the
electric load without affecting the quality of the energy service [5]. The energy flexibility provided by
buildings is paramount to mitigate the upcoming challenges of future power systems, and its exact
definition and quantification has a central role, as stated by the working group of Annex 67 about
energy flexible buildings [6]. Furthermore, the EU’s Energy Performance of Buildings Directive [7]
pushes towards new and more performing buildings—nearly zero energy buildings (nZEB)—where
energy efficiency and energy flexibility are essential to achieve the required performance targets.

Given this premise, the sector of heating and cooling in buildings is promising for the application
of demand side management (DSM) strategies aimed at modifying the final user’s electricity demand
on the basis of electricity grid needs. The relevance of DSM is related to the growing share of renewable
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energy sources (RES) in the generation mix and consequently to the necessity of integrating them and
of adapting the energy demand to their intermittent and unpredictable production. Besides this aspect,
DSM can produce several other advantages in the electric power system, which can be summarized
as [8]: reduced need for increasing the power generation capacity; higher operational efficiency in
production, transmission, and distribution of electric power; and lower electricity costs. A DSM
strategy can have different purposes, such as peak shaving, valley filling, load shifting, energy
conservation, and strategic load growth [9].

DSM technologies can be used to activate the energy flexibility of buildings. They can be divided
into three main categories: (i) energy-efficient end-use devices; (ii) additional equipment, systems,
and controls to enable load shaping (e.g., energy storage); and (iii) communication systems between
end-users and external parties, for example, demand response (DR) programs [9]. While the first point
concerns energy conservation by means of devices using less energy, the other two points deal with
systems aimed at shifting the final user’s demand: thermal energy storage systems can be used to store
surplus energy to be released for later use, whereas demand response achieves changes in final users’
load by means of price signals from the grid.

The purpose of this paper is to highlight how DSM technologies for air conditioning and heat
pumps can unlock the energy flexibility in buildings and to show, consequently, which kind of DSM
strategy can be fulfilled through them. A state of the art review is presented to illustrate the existing
trend in the implementation of the above mentioned DSM categories (Section 2), that is, (i) energy
efficiency, (ii) energy storage systems, and (iii) demand response programs. In this way, a holistic
overview of the potential for managing the energy demand related to cooling or heating loads is
provided. Considering the relevance in terms of share on global energy use and units sold worldwide,
and the increasing importance of electric energy among the final uses, a particular focus is on the heat
pump sector. Three different case studies for each of the considered DSM categories are analyzed
and the consequent energy flexibility is quantified by means of flexibility indicators available in
the literature and illustrated in Section 3. Indeed, it is shown that several indicators for energy
flexibility quantification have been introduced; here the main novelty lays in the application of the
most meaningful to compare the flexibility potential of different DSM technologies. By means of these
case studies, an in-depth analysis on more efficient devices, energy storage systems, and DR actions
is performed and their effect in terms of modification of energy demand load shape is discussed
(Section 4). Some conclusions about unlocking energy flexibility are drawn on the basis of the obtained
results (Section 5).

2. State of the Art Review of DSM Technologies for Air Conditioning and Heat Pumps

In this section, the process of how demand side management can be realized in the HVAC (heating
ventilation and air conditioning) sector is discussed. Chillers and heat pumps, as said, belong in the
category of thermostatically controlled loads: they are aimed at keeping the operative temperature in a
given range and they allow the shift of thermal loads produced by electricity conversion, thanks to
inherent or external thermal energy storages. The results of the literature review are divided on the
basis of the above-mentioned categorization of DSM technologies: energy efficiency, energy storage,
and demand response. Main findings are summarized in Table 1 and are discussed in detail in the
following sections.
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Table 1. Summary of the demand side management (DSM) technologies implemented in the heating
ventilation and air conditioning (HVAC) sector.

Category Technology

Natural refrigerants
Optimal design
Not-in-kind technologies
Optimal control strategies

Energy efficiency

Cold Thermal Energy Storage/Thermal Energy Storage
Storage Thermally Activated Buildings
Phase Change Material

Ancillary services (frequency and voltage control, congestion
management, spinning and non-spinning reserves)
Renewable Energy Sources integration
Cost reduction

Demand Response

2.1. Energy Efficiency

Energy efficiency in reverse cycle devices (i.e., heat pumps and chillers) can be achieved in

several ways. It is possible to act on: (i) the choice of a proper and environmental friendly refrigerant;
(ii) more efficient design of components (variable speed compressors, variable refrigerant flow, ejectors);
(iii) application of not-in-kind technologies; and (iv) optimization of the overall HVAC system and
control strategies.

In the literature there are several studies that deal with the above mentioned topics. In the

following, some of them are reported:

The use of natural refrigerants is gaining more and more interest. Harby [10] focuses, for example,
on the problems (environmental impacts and energy use) associated with the use of halogenated
refrigerants and the possibility to replace them with hydrocarbons (HC). The author provides
a guide to understand the current status, replacement strategy of conventional refrigerants,
and possible drawbacks in using HC. Bolaji and Huan [11] review existing natural refrigerants
(HC, ammonia, CO,, water) and their areas of application in refrigeration and air-conditioning
systems. They show the potential of natural refrigerants to replace halogenated refrigerants.
Nawaz et al. [12] propose propane and isobutene as natural refrigerants for heat pump water
heaters, while Zajacs et al. [13] analyze the possibility of using ammonia in a heat pump for space
heating and domestic hot water production.

Among the other technologies, variable capacity compressors are considered as an effective way to
achieve energy efficiency for air-conditioning chillers and heat pumps. Krishnamoorthy et al. [14]
present the cooling operation of a variable-capacity /variable-fan-speed heat pump and they
show its potential to reduce residential energy use, highlighting also the importance of location
and insulation level of the duct system. Park et al. [15] evaluate the performance of a variable
refrigerant flow (VRF) air conditioning (AC), that is, an air-conditioning system able to control the
amount of refrigerant flowing to the multiple evaporators (indoor units). They assess energy use
and comfort of occupants for a Korean building and obtained results confirming the advantages
of a VRF system. Aynur et al. [16] compare a VRF AC system with a variable air volume (VAV) AC
and assess a potential energy saving between 27% and 58% depending on the system configuration,
and indoor and outdoor conditions. Ozahi et al. [17] show for a real case that variable refrigerant
flow systems can produce a 44% cost saving compared to traditional HVAC systems. Among
the ways of improving the performance of a vapor compression refrigeration cycle, using an
ejector as an expansion device is one of the possibilities [18]. The ejector is a machine without
movable organs that can be used as a compressor and as a pump to achieve a pressure rise of a
given fluid through supply of another fluid with the same or different nature. Wang et al. [19]
describe a hybrid ejector air-conditioning system and its optimization. The proposed system
has the compressor installed between the outlet of evaporator and ejector secondary flow inlet.
The optimization of such a system leads to a 7% energy use reduction. Boccardi et al. [20], instead,
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evaluate the performance improvement due to an ejector in a HVAC system working with CO, as
refrigerant. The optimal configuration of the system is determined.

e Not-in-kind technologies category includes the following technologies for domestic
applications: thermoacoustic refrigeration, thermoelectric refrigeration, thermotunneling,
magnetic refrigeration, Stirling cycle refrigeration, pulse tube refrigeration, Malone cycle
refrigeration, absorption refrigeration, adsorption refrigeration, and compressor driven metal
hydride heat pumps [21]. Among all the others, magnetic refrigeration shows fast developments
in new materials and system architecture, and it is considered very promising as an alternative to
some conventional cooling, refrigeration, and air-conditioning technologies [22].

e  Energy recovery is of paramount importance to increase the efficiency of an HVAC and it can be
performed, for example, by means of an enthalpy wheel or heat exchangers, whose performance
can be enhanced by the inclusion of phase change material (PCM) [23]. Du et al. [24], instead,
analyze different control strategies for achieving energy savings with a HVAC system in an
airport. They make a comparison on the basis of an exergy based method. Ascione et al. [25]
present a methodology for the optimization of a building-HVAC system by employing a model
predictive control (MPC) strategy for heating and cooling. The authors show a primary energy
saving around 35.4 kWh/m? for a residential building in Southern Italy. Indeed, several studies
have shown that by adding a supervisory MPC controller to HVAC systems could result in energy
use and operating cost reductions from 7% to more than 50% [26-28].

2.2. Energy Storage

The relevance of coupling reverse cycle devices with thermal energy storage in order to modify
the final user’s demand and match it with the power system production has been demonstrated in the
literature [29].

A cold thermal energy storage (CTES) can be coupled to a chiller for air conditioning. It can be
a thermally stratified chilled water storage (sensible TES) or an ice storage (latent TES) [30]. A TES
can convey several benefits: improving the refrigeration equipment efficiency, reducing the installed
capacity, increasing the operational flexibility, and reducing energy costs, because cold is produced
during off-peak periods and used during on-peak periods. Typical operational strategies of such
systems are full storage and partial storage strategies, as shown in Figure 1 [31].

(A) Full storage
|| chilleron
'—% /i D Storage supply
// \
. .
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(B) Partial storage (C) Partial storage
load levelling demand limiting
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= Q
2 7 ]
/ \\
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Figure 1. Cold thermal energy storage (CTES) operational strategies [29,30]. (A) A full storage strategy
shifts the entire peak cooling load to off-peak hours. In a partial storage strategy, the load is partially
supplied by the thermal storage and partially by the refrigeration unit. The chiller can be designed to
operate as (B) load levelling or (C) demand limiting.
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Partial storage is the most used configuration because of lower initial capital costs. It saves
about 40-60% of peak cooling electricity demand. Full storage is interesting for short peak periods
with very high costs for electricity production. The peak electricity demand can be reduced by
up to 80-90% [32]. Similarly, thermal energy storage systems can be coupled with heat pumps for
implementing demand side management strategies [33], such as peak shaving or night load shifting.
These kinds of applications can lead to energy bill reductions, even if generally the energy use increases
because of thermal losses in the storage systems.

Rather than the use of external storage tanks, also much more effective in buildings, there is the
use of the building envelope—thermal mass as passive or active energy storage [34]. Floor heating or
TABs (thermally activated buildings) are active thermal storage systems [35]: the floor is a large,
low temperature radiating surface while the concrete acts like a thermal storage heated by air,
water, or directly by electric resistances. The building envelope, instead, is passive thermal storage,
easily exploited by means of variable inside temperature set-points, which can be adjusted in a certain
range in order to maintain the internal comfort and, at the same time, provide useful flexibility to the
power system [36]. Furthermore, PCM can be integrated within the building components and used
passively, for pre-cooling or pre-heating and for reducing the thermal load request, or alternatively
used actively, by charging and discharging their energy content on the basis of a given strategy.

2.3. Demand Response

Among the other devices, reversible heat pumps (for heating and cooling) are recognized as
systems to be effectively used to implement demand response strategies in the smart grid. Demand
response strategies are mainly aimed at three different purposes: (i) provision of ancillary services for
the power grid, (ii) renewable energy sources integration, and (iii) energy bill reduction for the final
user [37].

e Ancillary services consist of frequency and voltage control, congestion management,
and provision of spinning and non-spinning reserve [37]. In voltage control applications,
heat pump load is modified to maintain the distribution network voltage within the allowed
limits: heat pump (HP) active power demand is decreased in times of local under-voltage and
increased in times of over-voltage. The latter case can happen, for example, in presence of
photovoltaic (PV) panels, feeding electricity in the grid. In a similar manner, frequency control
can be realized to ensure that the grid frequency stays within a specific range of the nominal
frequency. An existing example of application is the virtual energy storage network, named
“tiko”, which connects more than 10,000 electric heating devices (i.e., heat pumps and water
heaters) throughout Switzerland [38]. As far as congestion management in the distribution grid
is concerned, optimized scheduling and power rating of heat pumps are paramount in order to
avoid limitations in the transformer and line capacity [37,39]. Eventually heat pumps can serve
as spinning and non-spinning reserves used by the transmission system operator (TSO) [37,40],
that is, as reserve capacity that can be regulated downward or upward to match demand and
supply. Different strategies can be implemented with these reserves, such as peak clipping or
valley filling. In References [41-43], incentive based DR programs are considered to provide
ancillary services to the power system by means of active demand and their influence on the real
power markets is assessed.

e Another important role played by heat pumps and the flexibility they provide is related to the
possibility to integrate renewable energy sources both at building level and at power system level.
The main RES considered are wind and PV. Bruninx [40] shows the impact on wind utilization
factor (WUF) produced by heat pumps adhering to a DR program: on average, the WUF increases
from about 75% in the reference case to 84% when heat pumps are used as operational reserves.
This increase of WUF is the result of shifting demand to periods of excess wind power generation
and of increasing the indoor temperature in order to allow the DR adherent heating systems
to provide upward reserves. Baetens et al. [44] demonstrate the positive role of heat pumps
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to reduce curtailment of electricity from PV panels. Arteconi et al. [45] show how heat pumps
coupled with thermal storage can increase the self-consumption of PV electricity production in an
industrial building. In this study, the tank operative conditions are analyzed in order to find the
best configuration: up to 80% of PV electricity can be used to cover the thermal demand coming
from the building.

e  Regarding energy bill reduction, electricity price signals are used to influence the final user’s
consumption pattern. Mainly, there are two types of tariff structures: Time of Use (TOU) tariffs,
varying on the period of the day, and Real Time Pricing (RTP), changing with the electricity
market price [46]. The heat pump demand can be shifted driven by the price with the intent
of reducing electricity costs, improving the system performance, increasing RES integration, or
improving power system benefits (i.e., reducing total operational costs). It is evident how the
final users and power system interests are strictly related. However, it has been demonstrated
that the benefit that a final user can achieve in taking part in a DR program depends also on the
number of participants: the operational cost reduction per participant drops when increasing
the penetration of DR programs because less flexibility is requested of each user. In more detail,
the total cost savings have been assessed at most between about 400 € to 200 € per participant per
year for a 5% and 100% DR penetration rate, respectively [47]. In Reference [48], price-controlled
energy management of smart homes (SHs) is investigated and it is demonstrated that the benefit
for both the generation scheduling problem and for the final users, is a decrease in operational
costs. Even in Reference [49], demand response programs are modeled in the unit commitment
(UC) problem in order to evaluate achievable operational costs savings.

3. Methods

In the following, three particular DSM technologies, among those above mentioned, were studied.
They were chosen on the basis of their widespread and technological relevance. Variable capacity heat
pumps were considered as energy efficient devices; thermally stratified water tanks as storage systems;
and real time pricing as demand response programs. Firstly, the flexibility assessment procedures
available in the literature are listed and the load shifting indicator used here is described in detail.
Secondly, the three case studies selected are presented. Eventually, the behavior of the three systems
in the presence of the DSM technology is analyzed, and results for the different cases are discussed
and compared.

3.1. Flexibility Evaluation

The flexibility provided by heating and cooling systems in buildings is intended as the power
consumption deviation of the heating or cooling device from its optimal value (or normal operation)
to a new profile aimed at compensating power imbalances in the grid. Such new load patterns can
be obtained by using heat buffers where heat or cold can be stored when a surplus of electricity is
available and vice-versa. In this context, heat buffers are mainly represented by thermal energy storage
and building thermal mass.

There are several studies in the literature that have proposed ways to quantify this flexibility as:

e number of hours the energy use can be delayed or anticipated [50];

e  power increase or decrease and time duration of its variation within functional and comfort
limits [51];

e  energy cost, based on cost functions, which represent how much shifting the energy use costs [52];

e ratio between the maximum change in power to the additional energy use in a certain period
(efficiency curves) [53];

e power demand versus priority to be supplied in order to satisfy the operational constraints
(priority curves) [54];
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e  maximum heat that can be stored in the structural storage capacity of a building without violating
the thermal comfort [55];

e hourly (h) load shed potential of a device with respect to its rated power consumption (P?*¢)
during a DR event (DRF), as shown in Equation (1) [36]:

base LS
_ BT =B

DR’ = = 6))

It is evident that different energy flexibility indicators have been proposed and a unique definition
does not exist [6]. The most used variables to characterize the flexibility are the amount of power
change, duration of the change, rate of change, response time, shifted load and maximal hours of
load shifted, and recovery time (which represents when the system is ready to be used again) [56].
The energy flexibility can be evaluated at the design stage, as an intrinsic value related to the building
and its heating and cooling system features, or during its operational behavior. The first evaluation
is important to have an overall idea of the maximum potential flexibility related to building energy
systems, while the second one is useful to assess what happens during operation, especially in case
of a specific event, such as a DR control signal sent to the building. In the latter case, the most
relevant parameters to take into account during the evaluation are temporal flexibility, power capacity,
and energy shifted [57].

In this study, not the normal operation of a system, but the effect of the substitution of a
conventional system with another with a higher flexibility potential (i.e., a DSM technology) is
considered. The operational behavior is analyzed to evaluate the impact of the DSM technology
on the DSM strategy that can be implemented through it. The energy flexibility indicator chosen
strictly depends on the purpose of its use. Among others, the number of hours the energy use
can be shifted and the hourly load shed potential are indicators highly appropriate to assess the
effects of a specific DSM technology. Indeed, from the electricity grid perspective, how the power
demand can be modified and for how much time are the most important pieces of information.
In the following sections, some case studies where DSM technologies are introduced, are analyzed.
The flexibility indicators used are the time shifting and the load shifting potential. The time shifting
(ts) can be assessed by comparing the energy cumulative curves in the case with and without DSM
implementation (i.e., the horizontal distance between the curves). Whereas the load shifting potential
for the DSM technology, useful when the dynamic operation is evaluated, is calculated similarly to

DRp [36] as follows:
pDSM _ pnoDSM
t

LSDSM/t = tpnw )
t

where LSpspy,s is the load shifting potential for the considered DSM technology at the time step ¢,
P;PSM ig the power consumption at the time step t when the DSM technology is in place, while p,noDSM
is the power consumption at the time step t without any DSM technology. LSpsp ; is positive when the
introduction of the DSM technology increases the power load at the considered time step (when P;"°PSM
is zero, then LSpgp1 ¢ is 100%); it is negative when the DSM technology reduces the power consumption.

3.2. Case Studies

Three different case studies were considered to evaluate the energy flexibility available when a
DSM technology was implemented in comparison with reference cases without DSM. In particular,
given the relevance of the energy use in the building sector [7] and the increasing market penetration of
heat pumps as heating and cooling devices [4], the presented case studies analyzed the implementation
of different configurations of heat pump systems in residential buildings. Indeed, it is highly recognized
also in Italy the potential of heat pumps as electric heating systems to perform primary energy
savings [58]. The energy flexibility is provided by:
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1.  aHP energy efficient design (variable capacity HP),
2. athermally stratified water tank,
3. aDR program based on dynamic pricing

and is quantified by means of the above mentioned flexibility indicators. Different types of buildings,
heating and cooling systems, and distribution systems were considered in order to make broader the
evaluation of the energy flexibility associated with heat pump operation. In particular, the building
specifications and generation and distribution characteristics have been chosen to be congruent among
them, and with the DSM technology implemented. The buildings were assumed located in a town
of central Italy (Ancona). The purpose of the analysis being a qualitative evaluation of the kind of
flexibility provided by different DSM technologies, results are shown for a representative winter’s
day. The inside temperature set-point was set at 20 °C (+0.5 °C) to be maintained 24 h per day.
It was assumed about 30 m? per person, which provided an internal gain of 120 W each. A 0.5 ACH
(air changes per hour) was modelled. The heat pump performance was obtained from manufacturer’s
data [59], where the heat pump compressor power consumption was given by varying the evaporator
and condenser temperature in relation to the indoor and ambient temperatures. TRNSYS [60] was
the tool used for the dynamic simulations. It is widely used for building simulation and it has been
thoroughly tested, thus its results can be considered reliable in respect to the issue of model validation,
which has a paramount relevance as highlighted in Reference [61]. The simulations time step was
6 min. The case studies are discussed in detail in the following sections. In Table 2 the building
properties for each case study are reported; buildings have been represented with a regular shape
(parallelepiped). In Table 3 the design parameters of the heating systems are summarized.

Table 2. Specifications of building properties [62,63].

Case Area S/V Windows Area U_Wall U_Roof U_Windows
m? % W/m2K W/m?K W/m?K
A 1000 0.37 10 0.30 0.23 14
B 100 0.37 10 0.36 0.28 2.10
C 100 0.37 10 0.36 0.28 2.10

Table 3. Design parameters of the heating system.

Specification Case A Case B Case C
Heating system GCHP ASHP ASHP
Distribution system floor radiators floor
Heating system supply temperature 2040 °C 40-50 °C 20-40 °C
HP design capacity 8 kW 3kW 2 kW
COPgesign 4 2.5 3
Tank volume 1000 L 20L,100L,200L,300L,1000L -

3.2.1. Case A: Energy Efficiency

Case A assessed the flexibility due to an efficient design of the heat pump, that is, a variable
capacity heat pump was used. A multi-apartment residential building with a ground coupled heat
pump (GCHP) as a heating production system was considered (Figure 2a). It had been modelled
in TRNSYS by means of Type 56 for buildings with active layers, while Type 927 for water-to-water
heat pumps has been used, acting on the scale factor to simulate the variable capacity, which was
coupled to Type 557 for the borefield. Given the novelty of this kind of building in Italy, a new building
highly insulated [63] was assumed (see Table 2), having a total floor area of 1000 m?. Underfloor space
heating was used. A 1000 L thermal energy storage was installed to decouple energy production
and consumption and to guarantee that space heating was supplied with warm water within a given
temperature range (2040 °C). The heat pump design heating capacity has been assessed at 8 kW,
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as 70% of the design thermal power (evaluated at the design outside temperature of —1 °C and
inside temperature of 20 °C). Indeed, it is common practice in heat pump generation systems with
underfloor heating systems to size the heating capacity a bit lower than the design value, given the
low occurrence of the design outdoor temperature. In this way, the heat pump is not too oversized for
the average operating conditions and a back-up generator can be included for peak power demand.
In this exercise, the flexibility provided by the energy efficient design of the heat pump was evaluated:
the performance of a variable capacity heat pump, which can reduce its load up to 30% of the design
value, was compared to an ON-OFF heat pump. The control logic switches on the heat pump when the
ambient temperature is lower than 15 °C and the tank temperature goes lower than the upper bound.
In presence of the variable capacity heat pump, the capacity was assessed on the basis of the actual
building’s heat demand. The pump supplying hot water to the distribution system was activated by
the indoor temperature set-points.
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Figure 2. Schematics of the three case studies: (a) Case A: energy efficiency, (b) Case B: thermal storage,
(c) Case C: demand response. TES = thermal energy storage; DR = demand response.

3.2.2. Case B: Energy Storage System

This case study was used to assess the energy flexibility potential of a storage system. A single
dwelling of 100 m? with an air source heat pump (ASHP, represented by Type 941 in TRNSYS) and
radiators (Type 1231) was considered (Figure 2b). Given the low thermal inertia of radiators, the energy
storage system was necessary to guarantee a more stable operation of the HP without too many
cycles. A thermally stratified water tank was used as an energy storage system (Type 4 has been
implemented), which consisted of 20 fully-mixed equal volume segments where the model assumes
an energy balance for each volume. The tank volume varied from a small buffer tank of 20 L up to
300 L. The building followed the existing Italian standards [63] for overall heat capacity of walls, roof,
and windows, as reported in Table 2. Modern low temperature radiators, which can be supplied with
hot water at temperatures varying between 40 °C and 50 °C on the basis of a compensation curve [33],
were installed. The design heat pump capacity has been assessed at 3 kW, evaluated at the design
outside temperature of —1 °C and inside temperature of 20 °C. The heat pump was controlled by the
external ambient (<15 °C), the tank temperature, and the radiators’ surface temperature. Furthermore,
an interval of at least 6 min between each switching operation, on or off, has to be guaranteed to avoid
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any excessively rapid cycling of the heat pump. The indoor temperature activates the pump supplying
hot water to the radiators.

3.2.3. Case C: Demand Response

This case study considered a single dwelling of 100 m? with an air source heat pump and
underfloor heating system (Figure 2c). The heat pump capacity has been assessed at 2 kW, evaluated
as 70% of the design value at the design outside temperature of —1 °C and inside temperature of 20 °C,
similar to the case in Section 3.2.1. Given the thermal inertia of the chosen emission system, a storage
tank is not necessary in this configuration [33]. The heat pump was controlled by the external ambient
temperature (<15 °C), the indoor air temperature, and the slab surface temperature, while a minimum
time of 6 min was guaranteed between any on-off cycle. The analysis aimed at showing the influence
of the price signal on the HP load profile and consequently on the energy bill for the final user. When
the DR strategy is applied, the final user is subject to a variable price and the system is allowed to
extend the comfort band of -2 °C. On the basis of the electricity market price on a typical winter’s day
in Italy (2 January 2017 [64]), the temperature set-point was varied according to Figure 3: when the
electricity market price was lower the temperature set-point was increased, when the electricity market
price was higher the set-point was decreased, so to force pre-heating when the electricity is cheaper.
The temperature set-point profile is a step curve which drives a rule based control (considering the
thermal inertia of the considered system and the real implementation constraints for stable operation,
a continuous variability of the set-point has been considered not useful).
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Figure 3. (a) Electricity market price on a winter’s day (2 January 2017) and (b) daily internal
temperature set-point profile.

4. Results and Discussion

4.1. Case A

In Figure 4, the heat pump electric power consumption in case of ON-OFF operation and variable
capacity is shown. It is possible to see that in the ON-OFF configuration the HP power demand is
higher and the device has to cycle several times. In the variable capacity configuration, the heating
load can be adjusted on the basis of the real building heat demand that varies with the external ambient
temperature. During the 24 h of operation represented in Figure 4a, indeed, the ambient temperature is
always higher than the design value, then the HP modulates the thermal power provided. The variable
capacity heat pump allows energy savings because the energy is produced following the real demand,
then reducing the need to store it and the consequent thermal losses. For instance, in the month
of January, an energy use reduction of about 15% is obtained for the considered case simulated in
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TRNSYS. It is worth noticing that such energy saving is guaranteed even if in the variable capacity
heat pump system, the auxiliaries (e.g., circulation pumps) run for longer periods.
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Figure 4. (a) Electric power profile and (b) cumulative energy curve of the heat pump (HP) in ON-OFF
configuration and variable capacity configuration.

Figure 4b, instead, represents the cumulative energy use of the heat pump in the two
configurations. In case of an ON-OFF regulation, the heat pump tends to concentrate the heating of
the building in given amounts of time (i.e., pre-heating) and this confirms the higher energy thermal
losses. The horizontal distance between the two curves of the cumulative energy represents the time
shift of the energy use, which can also reach 8 h in the case represented in Figure 4b.

The load shifting indicator (LSpgsp1¢) comparing the two configurations has been calculated. It is
illustrated in Figure 5. As previously explained, the variable capacity HP stays on for a longer period
of time with a lower power demand. This is shown also by the load shifting indicator: it is positive
when the power is higher in the variable capacity configuration and negative when it is higher in
the ON-OFF configuration. It has been calculated by means of Equation (2) and set at +100% when
the variable capacity HP is on, while the ON-OFF HP is off. The electric power profile modification
obtained with this energy efficient action is useful, for example, for peak shaving DSM strategies: the
load can be reduced to 50% or even more. Moreover, in general, energy efficient solutions help energy
conservation DSM strategies.
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Figure 5. Load shifting indicator (LSpsy;) for a typical winter’s day: comparison between the two
configurations with (variable capacity HP) and without demand side management (DSM) (ON-OFF HP).

4.2. Case B

In Figure 6a the power consumption of the heat pump, by varying the TES size, is shown.
The volume varies from a small buffer tank of 20 L up to 300 L. It is apparent that by decreasing
the size of the water tank, the heat pump has to switch ON/OFF several times in order to satisfy
the thermal energy demand of the building. A bigger tank indeed provides more energy autonomy,
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and then flexibility. Figure 6a highlights also that for proper operation of the heat pump system,
a minimum tank volume of 100 L is preferable, then it is considered as a reference design configuration
(i.e., without DSM). Figure 6b shows the cumulative energy curves of the heat pump in the reference
configuration with a tank volume of 100 L and in the “DSM configuration” with a bigger storage tank
of 300 L. It is evident that the system with a higher volume tends to pre-heat more and provides energy
to the house for a longer period before the heat pump needs to be switched on again. Indeed, a 100 L
and 300 L can provide, respectively, 1 kWh and 3 kWh of energy stored. The time shift between the
two is about 2-4 h. Regarding the total energy use, there is not a consistent difference between the two
selected tank volumes. However, the energy use tends to increase with the tank size because of more
energy losses during the energy storage period.
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Figure 6. (a) Electric power profile and (b) cumulative energy curve of the HP for different tank sizes.

In Figure 7a the load shifting indicator is drawn when the tank size is increased from 100 L
up to 300 L for 24 h of operation. Using a bigger tank, the heat pump switches on a few times for
longer periods with a similar power demand in the two configurations. This solution is good for
concentrating the heat pump working period in a given moment during the day, or for avoiding the
operation in certain hours, for example, for night load shifting. In the latter case a bigger volume than
those analyzed is needed. This is confirmed by Figure 7b which shows the load shifting indicator for a
1000 L tank compared to a 100 L tank. The HP can indeed be OFF for a long time period.
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Figure 7. Load shifting indicator (LSpsp; ).for the comparison between (a) a system with a 300 L vs.
100 L TES and (b) a system with 1000 L vs. 100 L TES.

4.3. Case C

In Figure 8a the power consumption trend of the heat pump is shown for the case without DR
and for the case with DR activated. It is clear that when there is a variable temperature set-point,
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the heat pump switches on when the latter has higher values, that is, especially during the period 0-6 h.
Instead, when the temperature set-point is decreased, the heat pump tends to work for shorter periods
of time. The cumulative energy curve (Figure 8b) shows that during demand response programs,
the heat pump pre-heats the house and for this reason more energy is used (about 2% for the month of
January). The time shift allowed can reach up to 10 h and it represents energy use in advance rather

than
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Figure 8. (a) Electric power profile and (b) cumulative energy curve of the HP with and without the
DR program.

Figure 9 shows the load shifting indicator when the DR program is on or off during 24 h of

operation on a winter’s day. Comparing the load shifting trend with the internal temperature set-point,
it is evident that the load is shifted to the hours when the set-point is higher, that is, the hours with
cheaper electricity prices. Therefore, this DSM technology increases the load during off-peak hours,
while decreasing it during on-peak hours.
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Figure 9. Load shifting indicator (LSpgspz ) for the comparison between the system with or without the
DR program.

4.4. Discussion

The presented case studies were intended to show the flexibility introduced by specific DSM

technologies, namely:

1.
2.

energy efficient devices, represented by a more efficient variable capacity heat pump,
thermal storage, where different tank volumes are coupled with HP and radiators,
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3. demand response, implemented by means of a variable internal temperature set-point which
reflects a variable electricity price.

It is evident that each of these systems produces a modification of the electric power demand
of the HP and provides flexibility. In more detail, looking at the HP power profile and at the LSpgsp
indicator, the following conclusions can be drawn (see Figure 10):

1. Energy efficient DSM technologies allow energy conservation (reduction of the overall load) and,
as a consequence, peak shaving (reduction of the maximum load). Indeed, the variable capacity
HP is ON for longer periods but with a lower load.

2. Energy storage systems achieve load shifting, and the time shifting depends on the amount of
energy that can be stored. Without any other external constraints, the storage volume affects the
operation of the system and the time to which the load is shifted.

3. Eventually DR programs, based on real time pricing, use the price signal to induce the user to
shift their load to hours with a lower electricity price. With DR programs, load shifting to off-peak
hours (valley filling, i.e., building off-peak loads) and consequently peak shaving of the overall
power system can be operated.

A A

strategic peak shaving
consen/atlon
Energy
efficiency
Demand load shifting
Response
peak shaving valley filling

Figure 10. DSM technologies and the DSM strategies that they can help to implement.

The results also clarify the role of the thermal inertia available in the considered systems.
The design and configuration of the analyzed cases have a huge impact on the final results. In particular,
the thermal inertia provided by the building and emission system play a major role. When an
underfloor heating system is used, and without any additional energy storage tanks, the time shifting
in energy use is consistent. In Case A it can reach 8 h and represents a postponed use of energy, while in
Case C it goes up to 10 h of energy used in advance, rather than the reference case. Looking at the load
shifting indicator, in Case A the HP load is almost always present, even if with lower values (50% of
the case without DSM technology or even lower). Whereas, by comparing Case B and C, in both cases
the HP is ON less times for longer periods without reduction of the peak load. The difference between
the two configurations is that in Case C, the periods when the HP works are actively controlled by
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the electricity price (the energy use occurs more during off-peak periods), while in Case B, unless in
presence of external constraints, the load shifting depends only on the size of the tank and can occur at
any time, depending on the operation of the system. For the configurations analyzed, for example,
with the 300 L storage tank, the heat pump switches on three times in a day for 6 h in total, instead of
four times for 4 h. Furthermore, even if the configuration with radiators and TES provides a shorter
time shifting potential rather than the other systems, the relative power that can be actually shifted is
big (always 100%). Eventually only Case A shows a potential energy use reduction, mainly due to
the fact that when energy demand is shifted in time (i.e., Case B and Case C), it needs to be stored
somehow thus increasing the energy losses.

In conclusion, the LSpgy indicator provides knowledge about the dynamic behavior of a system
where a considered DSM technology has been introduced. Its trends suggest the purpose of the DSM
strategy (i.e., peak shaving, valley filling) and the time shifting indicator gives an idea about how
much time is possible to deviate from the normal operation. The results discussed here are useful to
understand the flexibility that can be expected by heat pumps in buildings and how it can be activated.
These results are case specific and are related to the operation of the analyzed system: the flexibility
available varies with time and is affected by what happened in the previous periods. Having similar
indicators for a wide spread of technologies would allow quantifying the total flexibility that a given
sector (e.g., TCL sector) can guarantee to the grid. However, in order to really understand how the
flexibility can be exploited, it is necessary to model the dynamics of the overall power system with
both the electricity demand side and production side. Only in this way is it possible to account for the
interaction between the demand and the supply of electricity [65]. Such interaction is, for example,
responsible for the payback load effect that could cause a new peak demand after a DR event or for
the fact that the actual flexibility asked of every user is generally much lower than the total flexibility
that the user could provide [47]. Indeed, the desynchronization and wide share of DSM events is
paramount for an effective outcome for these technologies.

5. Conclusions

In this work, an overview of the demand side management strategies that can be implemented in
the field of air conditioning and heat pumps is presented. The different DSM available technologies
have been categorized into three groups: energy efficient devices, energy storage, and DR. In particular
in this work, DSM strategies applied to heating systems using heat pumps are studied in detail in
order to provide a qualitative quantification of the available flexibility and the expected behavior of
such systems. Possible ways to assess the energy flexibility provided by heat pumps adhering to DSM
strategies are discussed by means of three representative case studies. The flexibility is evaluated in
terms of load shifting potential and time shifting of the energy use. The case studies consider the
flexibility provided by: a heat pump efficient design (variable capacity HP), a thermal energy storage
(thermally stratified water tank), and a DR program to drive the electricity consumptions towards
off-peak hours. All the analyzed DSM technologies are effective, but they produce different effects
on the basis of the system configuration. The main conclusions that can be drawn on the basis of the
presented results are:

e  Energy efficiency actions can produce mainly peak shaving and energy conservation. When such
action is represented by a variable capacity heat pump, the load is always present but with lower
values (50% or even less). In case of distribution systems with a high thermal inertia, such as
underfloor heating, the energy use can be postponed for several hours (8 h in the analyzed case).

e  Energy storage systems allow load shifting. The amount of energy that can be shifted depends
on the storage size and, unless in presence of external constraints, the time to which the load is
moved cannot be actively controlled. The time shifting in cases of low thermal inertia distribution
systems, that is, radiators, is limited but the relative power that can be postponed is high (100% of
the nominal value).
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DR operates an active load shifting to off-peak hours (valley filling) and peak shaving. In this
case, energy is used in advance in comparison with the reference case. The time shifting is long
in the presence of underfloor heating systems (for a 100 m? apartment it can be anticipated at
4 h). This kind of strategy tends to increase the overall energy consumption but allows a better
operation of the power system avoiding high peak demand.

Author Contributions: Conceptualization and Writing-Original Draft Preparation, A.A.; Writing-Review &
Editing, F.P.

Funding: This research was funded by MIUR of Italy in the framework of PRIN2015 project: “Clean heating and
cooling technologies for an energy efficient smart grid”, Prot. 2015M8S2PA.

Acknowledgments: The authors wish to thank the MIUR of Italy for supporting this study in the framework of
PRIN2015 project: “Clean heating and cooling technologies for an energy efficient smart grid”, Prot. 2015M8S2PA

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References and Note

1.

10.

11.

12.

13.

14.

15.

16.

EIA (Energy Information Administration). How Much Energy is Consumed in Residential and Commercial
Buildings in the United States? Available online: http://www.eia.gov/tools/faqs/faq.cfm?id=86&t=1
(accessed on 13 July 2018).

EU (European Union). Energy Efficiency-Buildings. Available online: https:/ /ec.europa.eu/energy/en/
topics/energy-efficiency /buildings (accessed on 13 July 2018).

Coulomb, D.; Dupont, J.L.; Pichard, A. The Role of Refrigeration Industry in the Global Economy; Report No.
29th Informatory Note on Refrigeration Technology; International Institute of Refrigeration: Paris, France,
November, 2015.

Thomas, N.; Pascal, W. European Heat Pump Market and Statistics Report 2015; Technical Report for The
European Heat Pump Association AISBL (EHPA): Brussels, Belgium, 2015.

Callaway, D.S.; Hiskens, I.A. Achieving controllability of electric loads. Proc. IEEE 2011, 99, 184-199.
[CrossRef]

Jensen, 5.0.; Marszal-Pomianowska, A.; Lollini, R.; Pasut, W.; Knotzer, A.; Engelmann, P.; Stafford, A.;
Reynders, G. IEA EBC Annex 67 Energy Flexible Buildings. Energy Build. 2017, 155, 25-34. [CrossRef]

EU (European Union). Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010
on the Energy Performance of Buildings, 2010. Available online: https:/ /eur-lex.europa.eu/legal-content/
EN/TXT/PDEF/?uri=CELEX:32010L0031&from=en (accessed on 13 July 2018).

Strbac, G. Demand side management: Benefits and challenges. Energy Policy 2008, 36, 4419-4426. [CrossRef]
Gellings, C.W. The smart grid. In Enabling Energy Efficiency and Demand Response; The Fairmont Press:
Lilburn, GA, USA, 2009.

Harby, K. Hydrocarbons and their mixtures as alternatives to environmental unfriendly halogenated
refrigerants: An updated overview. Renew. Sustain. Energy Rev. 2017, 73, 1247-1264. [CrossRef]

Bolajian, B.O.; Huan, Z. Ozone depletion and global warming: Case for the use of natural refrigerant
—A review. Renew. Sustain. Energy Rev. 2013, 18, 49-54. [CrossRef]

Nawaz, K.; Shen, B.; Elatar, A_; Baxter, V.; Abdelaziz, O. R290 (propane) and R600a (isobutane) as natural
refrigerants for residential heat pump water heaters. Appl. Therm. Eng. 2017, 127, 870-883. [CrossRef]
Zajacs, A.; Lalovs, A.; Borodinecs, A.; Bogdanovics, R. Small ammonia heat pumps for space and hot tap
water heating. Energy Procedia 2017, 122, 74-79. [CrossRef]

Krishnamoorthy, S.; Modera, M.; Harrington, C. Efficiency optimization of a variable-capacity
/variable-blower-speed residential heat-pump system with ductwork. Energy Build. 2017, 150, 294-306.
[CrossRef]

Park, D.Y.; Yun, G.; Kim, K.S. Experimental evaluation and simulation of a variable refrigerant-flow (VRF)
air-conditioning system with outdoor air processing unit. Energy Build. 2017, 146, 122-140. [CrossRef]
Aynur, TN.; Hwang, Y.; Radermacher, R. Simulation comparison of VAV and VRF air conditioning systems
in an existing building for the cooling season. Energy Build. 2009, 41, 1143-1150. [CrossRef]

108



Energies 2018, 11, 1846

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Ozahi, E.; Abusoglu, A.; Kutlar, A.L; Dagci, O. A comparative thermodynamic and economic analysis and
assessment of a conventional HVAC and a VRF system in a social and cultural center building. Energy Build.
2017, 140, 196-209. [CrossRef]

Sumeru, K.; Nasution, H.; Ani, EN. A Review on two-phase ejector as an expansion device in vapor
compression refrigeration cycle. Renew. Sustain. Energy Rev. 2012, 16, 4927-4937. [CrossRef]

Wang, H.; Cai, W.; Wang, Y. Optimization of a hybrid ejector air conditioning system with PSOGA.
Appl. Therm. Eng. 2017, 112, 1474-1486. [CrossRef]

Boccardi, G.; Botticella, E; Lillo, G.; Mastrullo, R.; Mauro, A.W.; Trinchieri, R. Experimental investigation on
the performance of a transcritical CO; heat pump with multiejector expansion system. Int. ]. Refrig. 2017,
82, 389-400. [CrossRef]

Bansal, P; Vineyard, E.; Abdelaziz, O. Status of not-in-kind refrigeration technologies for household space
conditioning, water heating and food refrigeration. Int. J. Sustain. Built Environ. 2012, 1, 85-101. [CrossRef]
Kitanovski, A.; Egolf, PW. Application of magnetic refrigeration and its assessment. J. Magn. Magn. Mater.
2009, 321, 777-781. [CrossRef]

Promoppatum, P; Yao, S.-C.; Hultz, T.; Agee, D. Experimental and numerical investigation of the cross-flow
PCM heat exchanger for the energy saving of building HVAC. Energy Build. 2017, 138, 468—478. [CrossRef]
Du, Z; Jin, X.; Fang, X.; Fan, B. A dual-benchmark based energy analysis method to evaluate control
strategies for building HVAC systems. Appl. Energy 2016, 183, 700-714. [CrossRef]

Ascione, E; Bianco, N.; De Stasio, C.; Mauro, G.M.; Vanoli, G.P. A new comprehensive approach for
cost-optimal building design integrated with the multi-objective model predictive control of HVAC systems.
Sustain. Cities Soc. 2017, 31, 136-150. [CrossRef]

Kusiak, A.; Li, M.; Tang, F. Modeling and optimization of HVAC energy consumption. Appl. Energy 2010,
87,3092-3102.

Kusiak, A.; Tang, F; Xu, G. Multi-objective optimization of HVAC system with an evolutionary computation
algorithm. Energy 2011, 36, 2440-2449. [CrossRef]

Garnier, A.; Eynard, J.; Caussanel, M.; Grieu, S. Predictive control of multizone heating, ventilation and
air-conditioning systems in non-residential buildings. Appl. Soft Comput. 2015, 37, 847-862. [CrossRef]
Arteconi, A.; Hewitt, N.J.; Polonara, F. State of the art of thermal storage for demand side management.
Appl. Energy 2012, 93, 371-389. [CrossRef]

Arteconi, A.; Polonara, F. Demand side management in refrigeration applications. Int. J. Heat Technol. 2017,
35, 558-563. [CrossRef]

Dincer, I.; Rosen, M. A. Thermal Energy Storage. Systems and Applications, 2nd ed.; Wiley: Chichester, UK, 2011.
Hasnain, S.M. Review on sustainable thermal energy storage technologies, Part 2: Cool thermal storage.
Energy Convers. Manag. 1998, 39, 1139-1153. [CrossRef]

Arteconi, A.; Hewitt, N.J.; Polonara, F. Domestic Demand-Side Management (DSM): Role of Heat Pumps
and Thermal Energy Storage (TES) systems. Appl. Therm. Eng. 2013, 51, 155-165. [CrossRef]

Zhang, Y.; Zhou, G.; Lin, K.; Zhang, Q.; Di, H. Application of latent heat thermal energy storage in buildings:
State-of-the-art and outlook. Build. Environ. 2007, 42, 2197-2209. [CrossRef]

Arteconi, A.; Costola, D.; Hoes, P.; Hensen, ].L.M. Analysis of control strategies for thermally activated
building systems under demand side management mechanisms. Energy Build. 2014, 80, 384-393. [CrossRef]
Yin, R.; Kara, E.C,; Li, Y.; DeForest, N.; Wang, K.; Yong, T.; Stadler, M. Quantifying flexibility of commercial
and residential loads for demand response using setpoint changes. Appl. Energy 2016, 177, 149-164.
[CrossRef]

Fischer, D.; Madani, H. On heat pumps in smart grids: A review. Renew. Sustain. Energy Rev. 2017,
70, 342-357. [CrossRef]

Geidl, M.; Arnoux, B.; Plaisted, T.; Dufour, S. A fully operational virtual energy storage network
providing flexibility for the power system. In Proceedings of the 12th IEA Heat Pump Conference,
Rotterdam, The Netherlands, 15-18 May 2017.

Schwalbea, R.; Hauslerb, M.; Stiftera, M.; Esterl, T. Market driven vs. grid supporting heat pump operation
in low voltage distribution grids with high heat pump penetration—An Austrian case study. In Proceedings
of the 12th IEA Heat Pump Conference, Rotterdam, The Netherlands, 15-18 May 2017.

Bruninx, K. Improved Modeling of Unit Commitment Decisions under Uncertainty. Ph.D. Thesis, KU Leuven,
Leuven, Belgium, 2016.

109



Energies 2018, 11, 1846

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Rahmani-Andebili, M. Modeling nonlinear incentive-based and price-based demand response programs
and implementing on real power markets. Electr. Power Syst. Res. 2016, 132, 115-124. [CrossRef]
Rahmani-andebili, M.; Shen, H. Energy Management of End Users Modeling their Reaction from a
GENCO'’s Point of View. In Proceedings of the International Conference on Computing, Networking
and Communications (ICNC), Silicon Valley, San Francisco, CA, USA, 26-29 January 2017.
Rahmani-andebili, M. Investigating Effect of Responsive Loads Models on Unit Commitment Collaborated
with Demand Side Resources. IET Gener. Transm. Distrib. ]. 2013, 7, 420-430. [CrossRef]

Baetens, R.; De Coninck, R.; Van Roy, J.; Verbruggen, B.; Driesen, J.; Helsen, L.; Saelens, D. Assessing
electrical bottlenecks at feeder level for residential net zero-energy buildings by integrated system simulation.
Appl. Energy 2012, 96, 74-83. [CrossRef]

Arteconi, A.; Ciarrocchi, E.; Pan, Q.; Carducci, E; Comodi, G.; Polonara, F.; Wang, R. Thermal energy storage
coupled with PV panels for demand side management of industrial building cooling loads. Appl. Energy
2016, 185, 1984-1993. [CrossRef]

Shen, B.; Ghatikar, G.; Lei, Z.; Li, J.; Wikler, G.; Martin, P. The role of regulatory reforms, market changes,
and technology development to make demand response a viable resource in meeting energy challenges.
Appl. Energy 2014, 130, 814-823. [CrossRef]

Arteconi, A.; Patteeuw, D.; Bruninx, K.; Delarue, E.; D’haeseleer, W.; Helsen, L. Active demand response
with electric heating systems: Impact of market penetration. Appl. Energy 2016, 177, 636-648. [CrossRef]
Rahmani-andebili, M. Nonlinear demand response programs for residential customers with nonlinear
behavioral models. Energy Build. 2016, 119, 352-362. [CrossRef]

Rahmani-andebili, M.; Shen, H. Price-Controlled Energy Management of Smart Homes for Maximizing
Profit of a GENCO. IEEE Trans. Syst. Man Cybern. Syst. 2017. [CrossRef]

Nuytten, T.; Claessens, B.; Paredis, K.; Van Bael, J.; Six, D. Flexibility of a combined heat and power system
with thermal energy storage for district heating. Appl. Energy 2013, 104, 583-591. [CrossRef]

D’hulst, R.; Labeeuw, W.; Beusen, B.; Claessens, S.; Deconinck, G.; Vanthournout, K. Demand response
flexibility and flexibility potential of residential smart appliances: Experiences from large pilot test in
Belgium. Appl. Energy 2015, 155, 79-90. [CrossRef]

De Coninck, R.; Helsen, L. Quantification of flexibility in buildings by cost curves—Methodology and
application. Appl. Energy 2016, 162, 653—-665. [CrossRef]

Oldewurtel, F.; Sturzenegger, D.; Andersson, G.; Morari, M.; Smith, R.S. Towards a standardized building
assessment for demand response. In Proceedings of the IEEE Conference on Decision and Control, Firenze,
Italy, 10-13 December 2013; pp. 7083-7088.

Vanhoudt, D.; Geysen, D.; Claessens, B.; Leemans, E; Jespers, L.; Van Bael, ]. An actively controlled
residential heat pump: Potential on peak shaving and maximization of self-consumption of renewable
energy. Renew. Energy 2014, 63, 531-543. [CrossRef]

Reynders, G.; Diriken, J.; Saelens, D. Generic characterization method for energy flexibility: Applied to
structural thermal storage in residential buildings. Appl. Energy 2017, 198, 192-202. [CrossRef]

Fischer, D.; Wolf, T.; Wapler, J.; Hollinger, R.; Madani, H. Model-based flexibility assessment of a residential
heat pump pool. Energy 2017, 118, 853-864. [CrossRef]

Stinner, S.; Huchtemann, K.; Miiller, D. Quantifying the operational flexibility of building energy systems
with thermal energy storages. Appl. Energy 2016, 181, 140-154. [CrossRef]

Bianco, V.; Scarpa, F,; Tagliafico, L.A. Estimation of primary energy savings by using heat pumps for heating
purposes in the residential sector. App. Therm. Eng. 2017, 114, 938-947. [CrossRef]

Select Software 7, Emerson Climate Technologies. Available online: http:/ /www.emersonclimate.com/europe/
en-eu/Resources/Software_Tools/Pages/Download_Full_Instructions.aspx (accessed on 13 July 2018).

Klein, S.A.; Beckman, W.A.; Mitchel, ].W.; Duffie, ].A.; Duffie, N.A.; Freeman, T.L. TRNSYS Manual; University
of Wisconsin-Madison: Madison, WI, USA, 2009.

Salvala, G.; Pfafferott, J.; Jacob, D. Validation of a low-energy whole building simulation model. Proc. SimBuild
2010, 4, 32-39.

110



Energies 2018, 11, 1846

62. Ballarini, I.; Corgnati, S.P.; Corrado, V. Use of reference buildings to assess the energy saving potentials of the
residential building stock: The experience of TABULA project. Energy Policy 2014, 68, 273-284. [CrossRef]

63. Italian Legislative Decree 311/2006. Disposizioni Correttive ed Integrative al Decreto Legislativo 19 Agosto
2005, n. 192, Recante Attuazione Della Direttiva 2002/91/CE, Relativa al Rendimento Energetico Nell’edilizia;
Gazzetta Ufficiale Serie Generale n.26 del 01-02-2007 - Suppl. Ordinario n. 26, Roma, Italy, 2007.

64. Gestore del Mercato Elettrico. Available online: http:/ /www.mercatoelettrico.org/it/ (accessed on 13 July 2018).

65. Patteeuw, D.; Bruninx, K.; Arteconi, A.; Delarue, E.; D’haeseleer, W.; Helsen, L. Integrated modeling of active
demand response with electric heating systems coupled to thermal energy storage systems. Appl. Energy
2015, 151, 306-319. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

111






energies MBPY

Article

Potential of District Cooling Systems: A Case Study
on Recovering Cold Energy from Liquefied Natural
Gas Vaporization

Alice Mugnini !, Gianluca Coccia ', Fabio Polonara '? and Alessia Arteconi 1*

! Dipartimento di Ingegneria Industriale e Scienze Matematiche, Universita Politecnica delle Marche,

Via Brecce Bianche 1, 60131 Ancona, Italy

Consiglio Nazionale delle Ricerche, Istituto per le Tecnologie della Costruzione, Viale Lombardia 49,
20098 San Giuliano Milanese (MI), Italy

Correspondence: a.arteconi@univpm.it; Tel.: +39-071-2204760

*

Received: 30 June 2019; Accepted: 3 August 2019; Published: 6 August 2019

Abstract: District cooling systems (DCSs) are networks able to distribute thermal energy, usually as
chilled water, from a central source to industrial, commercial, and residential consumers, to be used
for space cooling/dehumidification. As cooling demand will increase significantly in the next decades,
DCSs can be seen as efficient solutions to improve sustainability. Although DCSs are considered so
relevant for new city developments, there are still many technical, economic, and social issues to be
overcome to let such systems to spread out. Thus, this paper aims to highlight the advantages and
issues linked to the adoption of DCSs for building cooling when cold is recovered from a specific
application. A case study based on liquified natural gas (LNG) cold energy recovery from the
transport sector is presented. Starting from the estimation of the free cooling availability, a DCS
design method is proposed and the potential energy saving is investigated. Results show that a DCS
using the cold waste derived from LNG can provide a relevant amount of electricity saving (about
60%) for space cooling compared to traditional solutions, in which standard air conditioning systems
are installed in every building.

Keywords: district cooling; liquid to compressed natural gas; thermal energy storage; energy
efficiency; LNG

1. Introduction

Buildings are responsible for about 40% of worldwide energy use [1], and their cooling demand
is increasing. Global residential space cooling demand was estimated to be about 300 TWh in 2000,
and it is expected to rise up to 4000 TWh in 2050 and 10,000 TWh in 2100 [2]. According to different
prognoses, in European Union (EU) countries the cooling demand will increase of almost 60% in 2030
respect to nowadays [3,4]. These statistics are even more valid in regions with tropical climates [5]. For
instance, the percentage of energy used for space cooling in Mumbai (40%) is nearly as twice as that of
London (20%) [6].

Providing cooling in an efficient way is harder than providing heat because the cooling demand is
more difficult to predict than the heat demand, particularly the peaks [4]. Cooling demand, in fact,
depends on different factors that can change quickly, such as solar radiation, internal heat gains, and
the urban heat island effect [3]. Moreover, due to the increasing renewable energy source (RES) share,
the stability of the electricity grid is at risk [7]. RESs such as wind and solar energy are intermittent,
therefore they cannot be easily controlled and predicted. For this reason, it is harder and harder to keep
the balance between generation and use of electricity, with an associated increasing risk of black-outs
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and other technical issues. Given all the aforementioned reasons, it is fundamental developing more
efficient cooling systems to improve the sustainability of future cities.

Cooling demand can be met using individual solutions (air-conditioning split systems, or more
efficient solutions such as absorption cycles and electric chillers), or using one solution for the whole
building or cluster of buildings [5]. In this last case, district cooling systems (DCSs) represent an
example of efficient means to fulfill the cooling demand [5]. A DCS can be considered as a centralized
method of cold thermal energy production and distribution for space and process cooling. A typical
DCS includes the following elements: a central generation unit, a distribution network, customers and
a heat rejection system. Given its cost-effectiveness, chilled water is often used as heat transfer fluid.

The EU Energy Efficiency Directive [8] has stated that DCSs are one of the important pillars for
achieving the energy efficiency target of reducing primary energy consumption by 20%, while the
Strategic Energy Technologies Information System (SETIS) [9] has recognized DCS as Best Available
Technology (BAT) for the cooling market in the EU. Moreover, the Heat Roadmap Europe [10,11]
considers thermal networks (which include DCSs) to be fundamental to increase energy efficiency.
Current yearly district cold deliveries can be estimated to be around 300 P] worldwide (200 PJ in the
Middle East, 80 PJ in the USA, 14 PJ in Japan, 10 PJ in Europe) and, in particular in Europe, there are
around 150 systems in operation [12].

DCSs are becoming increasingly popular in the areas with high density of buildings, because of
their high efficiency and flexibility [13]. However, literature on DCSs is limited because district cooling
development has been more recent respect to district heating. Moreover, it has to be considered that
the temperature difference between the supply water temperature and the return water temperature
for DCSs is usually around 8 °C, while in district heating systems the difference is generally higher
than 40 °C [3]. Additionally, the tendency to be cautious in the design phase leads often to oversize
DCSs, thus resulting in equipment underutilization, which is detrimental for energy efficiency [6]. For
all these reasons, DCSs show an increase of the piping system cost and of the required pumping energy
respect to district heating systems [3]. Therefore, the amount of cold supplied by DCSs in the world is
much smaller than heat supplied by district heating systems [12].

DCSs can be successfully integrated with RESs, trigeneration systems and thermal storage systems
(TESs). Renewable energy resources include solar energy, wind energy, geothermal energy, biomasses,
energy from the surface water (sea, rivers, lakes), etc. The integration of DCSs with renewable
energy technologies allows reducing greenhouse gas emissions greatly [13]. DCSs using solar energy
can be exploited in absorption refrigerating cycles [14]. Systems coupling DCSs and geothermal
sources are mainly connected to aquifers or groundwater [13,15,16], while biomasses are generally
based on municipal solid waste whose incineration and consequent heat is recovered for absorption
chillers [13,17]. Surface water systems are frequently used in DCSs, using as cold source seawater heat
pumps [18,19], river water [20], and deep lake water [21].

DCSs integrated with trigeneration systems, instead, have the possibility of improving the fuel
energy efficiency, and are generally coupled with district heating systems to meet the heating and
cooling demand of the users. Often, the DCS serves as a supplemental system to meet the cooling
demand of the area [22], and thermal driven chillers are generally used to recover low grade heat from
the trigeneration system [13]. Applications of single DCSs coupled with trigeneration systems are
rarely reported, probably because the trigeneration energy efficiency is not high when the primary aim
is to meet the cooling demand [13].

When integrated with TESs, DCSs energy consumption and operation cost at peak hours can be
considerably reduced. TESs are able to store cold energy during periods of low cooling demand, and
the stored energy can be used later to meet the required cooling load. In this way, the utilities benefit
from the reduction of the peak electricity generation and consumers can take advantage of lower billing
charges [13]. Typical TESs used in DCSs include chilled water, ice and phase change materials. Chilled
water is generally used in its sensible form and its advantages result in low cost and high thermal
capacity. Ice, instead, is used in form of latent heat, and is generally chosen when smaller storage
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volumes are required. Phase change materials (PCMs) adopted in DCSs usually include inorganic
salt hydrates and paraffins. Salt hydrates have high latent heat during solidification/melting and are
low-cost, but they can show incongruent melting and corrosion issues. Paraffins, on the other hand,
can result in very high cost [13].

Another possible source rather than RES for DCSs is waste cold energy, which can be recovered
from industry, commercial, and transport sectors [23]. While solar, geothermal and biomass waste
energy are not as used as in district heating systems because of poor efficiencies due to energy
conversion [13], liquefied natural gas (LNG) is in this study considered as a suitable source for DCSs.
LNG is widely used to transport natural gas, especially when the distance between the production
site and the market is longer than 2000 km [24]. LNG is obtained by cooling natural gas to —162 °C
at atmospheric pressure; one cubic meter of LNG contains around 600 cubic meters of natural gas,
making the energy density of LNG significantly higher [25]. Before being sent to the customers, LNG is
re-gasified and a large quantity of cold energy can be released. A typical liquefaction process requires
around 2900 kJ kg~! of energy; of this amount, 2070 k] kg™ are dissipated as heat, while 830 k] kg™
are stored in LNG as cold [26]. LNG can also be used as vehicle fuel in its liquid form or re-gasified
to be used as compressed natural gas (CNG). In the latter case, the liquid to compressed natural gas
(L-CNG) refueling station has higher efficiency than traditional CNG refueling stations [27].

In these peculiar fuel stations, natural gas is stored in its liquid form and the CNG to refuel
vehicles is obtained from LNG vaporization. The LNG is typically stored in a low-pressure cryogenic
tank and then pumped with a cryogenic pump to increase the pressure of LNG up to the CNG pressure.
Then, a high-pressure atmospheric vaporizer converts LNG into CNG, stored in pressurized cylinders.
L-CNG refueling plants present a number of advantages: (i) the possibility to distribute CNG when
no grid is available nearby; (ii) a higher fuel purity, since LNG is already purified at the liquefaction
stage; (iii) a reduced operational cost compared to a standard compressor solution, thanks to the power
saving from the LNG pumping; (iv) the possibility to supply also directly LNG to vehicles using it as
fuel [28].

Nowadays, in Italy there are 53 LNG and CNG refueling stations powered by LNG [29]. Among
these, 13 are L-CNG plants [30]. In these plants, the LNG vaporizer is typically a high-pressure
atmospheric heat exchanger. Looking to the data on the CNG annual consumption for the automotive
sector, a great waste of cold energy can be estimated when LNG is vaporized. Data available for 2015
reports an Italian LNG demand from L-CNG refueling stations of about 5400 t [31], thus about 1245
MWh year™! of cold energy could be recovered from such plants.

Based on the knowledge of the authors, in literature there is no study of DSCs using waste cold
energy derived from L-CNG refueling stations. Thus, in order to limit environment warming and to
maximize energy efficiency, this work aims to evaluate the potential of such cold energy recovery to
meet a residential district cooling demand. Since the cooling potential of vaporized L-CNG represents
a free cooling source, its efficient exploitation has the possibility to greatly reduce the electric demand
of the air-conditioning sector. Furthermore, the combined presence in the urban environment of
residential and transport sectors highlights the potential benefits of their optimized integration.

The manuscript is structured as follows: Section 2 presents the case study considered and the
description of the DCS design method. Section 3 describes the results of the study and tries to highlight
the potential of the coupling in terms of electricity saving, taking as a baseline the same residential
neighborhood satisfied with independent cooling systems. Finally, the main conclusions of the work
are reported in Section 4.

2. Case Study

In this section, an application case is presented in which the cooling energy requirement of a
residential neighborhood is satisfied with a DCS that uses the cold energy coming from a L-CNG
refueling plant vaporizer (Figure 1). The following subsections provide the description of the cooling
supply side and of the DC plant.
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Figure 1. Plant scheme: cooling energy recovery from liquid to compressed natural gas (L-CNG)
vaporizer to fulfil a residential district cooling systems (DCS) (focus on the cooling supply side).

2.1. L-CNG Cold Supply Side

To estimate the potential daily availability of recoverable cold energy from a L-CNG plant in a
refueling station, data of CNG end-uses in Italy were considered. Franci [31] reports that the LNG
consumption for the automotive sector in L-CNG plants is about 5400 t year~!. Given such annual
LNG consumption and assuming a quantity of energy of about 830 k] kg™! of LNG wasted during
the LNG regasification process [26], about 380 kWh; day ' of cold energy can be recovered if the fuel
station is in operation every day of the year (i.e., 365 days per year); excluding the weekends the
amount could result in about 550 kWhy day~! (i.e., 253 days per year).

To evaluate the DCS capability to adapt its demand to the supply, the available cold energy is
provided to the DCS by means of three different daily cooling power profiles (Figure 2). In the first
case (Figure 2a, P1), the cooling power is constant and available 10 h a day, for every day of the
year. This situation describes the typical opening and closing times of the Italian fuel stations, which
were assumed to be from 7 a.m. to 7 p.m., and represents the simplest condition for the DC plant.
Considering that in Italy many CNG fuel stations are closed during lunch time and weekends, another
cooling power profile was considered accordingly in Figure 2b (P2). The last case, shown in Figure 2¢
(P3), introduces a variable profile with a peak power in the evening. In fact, as Farzaneh-Gord et al. [32]
highlighted in their analysis by monitoring the number of refueling CNG vehicles in a day, a peak
is generally observed between 6 and 7 p.m. This last scenario is therefore introduced to consider a
variable cooling power during the day.

In the three profiles, the cooling power values were calculated by dividing the daily cold energy
availability for the time during which the refueling station is supposed to be open. In the last case
(P3), the peak size was chosen to satisfy the peak of the users” demand (about 100 kWy, as explained in
Section 2.2.2), while the cooling power in the other hours was determined by a constant distribution of
the remaining daily cold energy.
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Figure 2. Daily cooling power recovery from a L-CNG fuel station. (a): constant profile for a station
working every day of the year (P1); (b): constant profile for a station not working during weekends
and stopping during lunch time (P2); (c): variable profile for a station not working during weekends
and stopping during lunch time (P3).

The cooling power is supplied to the DCS by means of a heat exchanger (“supply side heat
exchanger” in Figure 1). The heat transfer between the LNG and the water glycol was not directly
modeled, but the free cooling is considered carried by a heat transfer fluid (water glycol mixture)
supposed available at a temperature of —10 °C. The corresponding mass flow rate of the mixture was
determined assuming an average temperature difference of 3 °C.

2.2. Residential District Model

A hypothetical residential neighborhood, located in Rome, Italy (41°55” N, 12°31” E), was modeled
in TRNSYS [33]. To include the variability of external climatic conditions, a Meteonorm weather file
was used. The number of users to be connected to the DCS has been determined through an estimation
of the users’ daily cooling energy requirements. Then, the minimum number of buildings whose base
cooling demand is covered by the daily availability of free cooling was selected. This choice was made
to ensure the maximum utilization of the free cooling.

The following Section 2.2.1 reports the details of the single user, while in Section 2.2.2 the DC
plant sizing is explained.

2.2.1. Single User

The single user was modeled with Type 88 of TRNSYS. It is composed of a single thermal zone
with a simple lumped capacitance structure. The main features of the envelope were extrapolated
from TABULA Project [34] and a single-family house (SFH) building with the most recent construction
year class (buildings built from 2006 onwards) was chosen as reference building. In the simulation
model, however, only global data are required as input; thus, an overall building loss coefficient, which
considers the different thermal characteristics and dimensions of opaque and transparent envelope
components, was calculated (0.38 W m~2 K~1). The single building is composed of two floors and has
a living area of 160 m? (80 m? per floor). Based on the data reported in [34], for each external wall, 8%
of window surface area rate was considered.

The modeled thermal gains are: (i) solar radiation, (ii) artificial lighting and (iii) occupants’ gains.
Solar radiation was provided as internal gain to Type 88 and was modeled starting from the total tilted
surface radiation data for each building surface orientation. Then, the thermal power due to solar
radiation actually entering the building was calculated and implemented according to the procedure
reported in the Italian standard UNI TS 11300:1 [35]. Artificial lighting accounts for a power density
of 5W m~2 and it was assumed reasonably that it turns on if the total horizontal radiation is less
than 120 W m~2, while it turns off if radiation is greater than 200 W m~2. As concerns the occupants’
contribution, an occupancy density of 40 m? per person with a corresponding internal gain of 110 W
per person was considered [36]. The contribution of natural ventilation was introduced, too, assuming
air changes per hour equal to 0.5 h™! [35].
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The design peak cooling demand was evaluated by means of the Carrier-Pizzetti technical
dynamic method [37,38]. This method allows estimating the summer thermal load (sensible and latent
contribution) at different hours of the day, having as inputs the geographical coordinates, the envelope
properties (mass and thermal transmittance) and the maximum external temperature: the maximum
value was assumed as peak cooling demand. For Rome, where the outside design temperature
suggested by [39] is 34 °C with a daily temperature variation of 11 °C, a sensible thermal load of
6.3 kW; was calculated (an internal temperature and relative humidity of 26 °C and 50%, respectively,
were used for the assessment). The latent contribution is equal to about 2 kWj.

The single user cooling distribution system comprises fan coil units (FCUs) modeled with Type
996, and water was considered as heat transfer fluid. Cold water is supplied at a temperature of about
10 °C, with a design temperature difference between delivery and return of 5 °C [40]. The control
strategy aims to maintain the internal temperature set-point 24 h per day.

2.2.2. DCS Plant Sizing

From the energy simulation of the single user cooling demand for the main summer months (July
and August [39]), a base cooling demand of about 40 kWh; was obtained. Therefore, to ensure that the
cooling energy released by the L-CNG vaporizer can always satisfy the district base demand (Figure 3),
it was calculated that 14 users (with the same demand) have to be connected to the DCS.

2000

Potential daily cooling
recoverable from a L-CNG
1600 fuel station

1800

1400 /
1200

1000

DCS daily cooling energy demand [kWht]

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61

Day number

Figure 3. District daily cooling energy demand (July and August).

In order to cover higher energy demands or to cool buildings on days when there is no free
cooling availability, every user was equipped with a backup system. The system includes a reversible
air-to-water heat pump connected to the fan coils water circuit. The single heat pump is activated
in cooling mode when the indoor temperature set-point goes above 26 °C: it integrates the energy
removal when the DCS cooling power is not enough, and it meets all the cooling when no free-cooling
is available.

Since there may be days in which there is no cold availability from the network (e.g., weekends),
the heat pumps were sized to cover the entire design sensible cooling load (6.3 kW, for each user,
88.2 kW for the overall neighborhood). Type 941 was used to model the backup system and its
performance was derived from a manufacturer catalogue [41]. Figure 4 depicts, in a schematic way,
how the backup system is connected to the user distribution system. The figure also shows the
connection between the water fan coil units circuit and the DCS. The connection is realized with a heat
exchanger modeled as a simple constant effectiveness device (Type 91 in TRNSYS, which adopts the
e-NTU method). To uncouple the cooling demand from the supply, a sensible thermal energy storage
(TES) was also introduced and modeled through Type 4 as a stratified cold-water tank. Different sizes
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of the tank were tested, in order to find the storage that guarantees the required cold energy at the
design cooling load for different periods of time.
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Figure 4. Residential district cooling network scheme (see Figure 1 for the details of the supply side).
Focus on a single user configuration.

Single user focus

In the DCS, water was used as heat transfer fluid. It is delivered from the tank at a temperature of
5 °C, with a design temperature difference between supply and return of 3 °C. This choice was made
to allow an efficient heat transfer between the working fluids at the single user heat exchanger, where
FCUs are designed to be supplied at 10 °C (see Section 2.2.1).

The pipes were modeled as underground types (ground temperature of 14 °C) with Type 31.
Referring to real pipes used for district heating and cooling systems [42], larger thicknesses (26-28 cm)
of thermal insulation based on polyurethane rigid foam (thermal conductivity of 0.027 W m~! K1)
were considered to minimize the ground cooling energy losses. The sizing of the various DCS sections
was realized maintaining the water circulation speed between 1.5 and 2 m s~! in the main sections,
and around 1 m s™! in the secondary branches [40].

3. Results and Discussion

In this section, the simulation results of the coupling between the DCS and the L-CNG vaporizer
are discussed. A reference case is introduced to evaluate the energy performance of the application.
The reference case is represented by the same residential district in case of separate cooling systems: fan
coil units powered by the same heat pump used for the backup cooling. From the energy simulation for
the summer warmer months (July and August [39]), a total cold energy requirement of about 47 MWh;
and an electrical consumption of about 17 MWh, were determined.

The first analysis evaluates the capability of the DCS to adapt its cooling demand to the free
cooling power availability. A preliminary case, in which the DCS is directly connected to the supply
side heat exchanger (without the thermal energy storage), was evaluated and the three profiles of free
cooling power reported in Figure 2 were applied to the supply side.

In general, results show that the case study has a great energy recovery potential. Figure 5
represents how the users’ cooling energy requirements are satisfied during the warmer summer months
in case of different free cooling power profiles. In all cases the coverage of the buildings cooling
demand exceeds 49%. However, although in a slight way, the shape of the free cooling profile seems to
influence the district energy behavior. If the DCS is supplied with a constant cooling power profile (P1)
every day, 50% of the user cooling demand is covered by the DCS itself and the electricity consumption
is reduced by 52% compared to the reference case. With the increasing of the free cooling power
capability (profile P2) during weekdays, a better exploitation of the cold energy provided by the DCS
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is obtained and the electricity saving becomes 58%. Introducing a most variable cooling power profile
(P3) this improvement seems to be mitigated. Due to the daily mismatch between the cooling demand
and supply, the P3 higher cooling peak power cannot be well exploited. Figure 6 shows the typical
daily cooling demand of the district in the reference case. The thermal power demand starts around
10.00 a.m., when the P3 power availability is indeed low, and stays constant for several hours.
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Figure 5. Total district electric consumption and users’ cold energy demand divided into the share
provided by DCS and by the backup systems (i.e., HP) with different free cooling power profile (months
of July and August).
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Figure 6. Total daily district cooling power demand in the reference case.

Therefore, it is evident that to minimize the electricity used for backup systems, a sufficiently high
and continuous free cooling power is beneficial (i.e., P2). The effect of the introduction of a certain
level of thermal inertia at the demand side is investigated in order to evaluate if it helps to decouple
the cooling demand and the supply both in terms of time and of peak power potential. The installation
of a tank of 60 m3, which in design conditions can provide the users’ peak power demand (about
88 kW) for 1 hour with a temperature difference of 3 °C, is considered. Figure 7 shows how the users’
cooling energy requirements are satisfied during the warmer summer months in case of different free
cooling power profiles when the TES is introduced at the demand side. Comparing them to the data
shown in Figure 5, a good increase in the DCS energy performance can be noticed in case of P3 profile:
the seasonal demand covered by the DCS goes up to 59% with an electricity consumption reduction
of about 60% compared to the reference case. For the other two cases (P1 and P2), the storage has
practically no contribution, being their trend much more regular.
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Figure 7. Total district electric consumption and users’ cold energy demand divided into the share
provided by DCS and by the backup systems (i.e., HP) with different free cooling power profile (months
of July and August) in presence of a cold-water tank of 60 m°.

The addition of a TES allows a better daily balance of energy demand and supply, too. Figure 8
shows for a typical summer day how the total cooling demand is satisfied when the free cooling
availability is directly connected to the demand (Figure 8a) or decupled with a 60 m® TES (Figure 8b).
Without the TES, the users have to switch on the backup systems from 5 p.m. onwards to maintain the
temperature set-point, while in presence of the TES the backup systems do not switch on because more
cooling power is available thanks to the stored energy.
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Figure 8. Daily cooling demand breakdown into the DCS and HP share in case of cooling supply profile
P3: (a) without a TES; (b) in presence of a cold-water tank of 60 m3.

Even though in the analyzed case the use of a thermal storage allows a higher level of energy
recovery with higher electricity saving, in the DC plant sizing special attention must be paid to the
choice of the tank volume. Tanks too small or too large, in fact, could cause performance degradation.
Figure 9 reports the cold energy recovery from the L-CNG vaporizer compared to the global cooling
demand and the percentage of electricity saving for different volumes of the TES (P3 profile). The best
energy performance was obtained for tanks with a size between 30 and 90 m®. Lower values do not
provide enough level of thermal inertia, while higher values seem to slow down the dynamics of the
system too much. In fact, if the tank is empty and the cooling power demand is at its peak, the large
thermal inertia introduced by the tank prevents from satisfying the demand because the TES has to
be first recharged; therefore, backup systems need to be switched on. Moreover, increasing the size
of the tank enlarges the heat losses towards the environment, thus resulting in an energy efficiency
penalization of the system.
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Figure 9. Percentage share of cooling from DCS to meet the total users’ demand and electricity saving
for different thermal energy storage (TES) sizes.

4. Conclusions

The present study provided an overview of advantages, issues and potential applications of
district cooling systems (DCSs). DCSs can deliver cold energy supply at low cost and with low carbon
dioxide emissions, and can be integrated with renewable energy systems, trigeneration systems and
thermal energy storages. They can also recover efficiently waste cold energy from applications such as
liquid to compressed natural gas (L-CNG) refueling, technology that was considered as a case study in
this work.

Specifically, an energy system comprising a L-CNG refueling station vaporizing LNG to meet the
space cooling demand of a small residential neighborhood was designed and modeled in a dynamic
simulation environment. Results show that the DCS is able to provide high electricity saving levels in
comparison with the baseline case, in which standard cooling systems are installed in every building.
Regardless of the supply cooling power profile, electricity consumption reductions greater than 50%
were obtained, reaching 60% in the best scenario (profile P3 with a 60 m? thermal energy storage at
the demand side). It is necessary to highlight that these percentages are strongly dependent on the
assumptions made to design the DCS, having assumed the cold energy availability from the LNG
vaporizer as the district energy base demand. Further investigations should be conducted to evaluate
the impact of the DCS sizing method used to select the number of users to be connected and to
maximize the exploitation of the free cooling source.

To conclude, this work highlights that cold energy recovery from liquified natural gas vaporization
in refueling stations can be effectively used to supply a residential DCS. Furthermore, since both the
transport and the residential sector are included into the urban environment, the potential benefits of
this integrated system are evident.
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Nomenclature

BAT Best available technology
CNG Compressed natural gas
DCs District cooling system
EU European Union

FCU Fan coil unit

HP Heat pump

L-CNG Liquid to compressed natural gas

LNG Liquefied natural gas

P Cooling power profile

PCM Phase change material

RES Renewable energy source

SETIS Strategic Energy Technologies Information System

SFH Single-family house

TES Thermal energy storage
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Abstract: The cooling of spaces in tropical regions, such as Southeast Asia, consumes a lot of
energy. Additionally, rapid population and economic growth are resulting in an increasing demand
for space cooling. The ground-source heat pump has been proven a reliable, cost-effective, safe,
and environmentally-friendly alternative for cooling and heating spaces in various countries.
In tropical countries, the presumption that the ground-source heat pump may not provide better
thermal performance than the normal air-source heat pump arises because the difference between
ground and atmospheric temperatures is essentially low. This paper reports the potential use of a
ground-source heat pump with horizontal heat exchangers in a tropical country—Thailand. Daily
operational data of two ground-source heat pumps and an air-source heat pump during a two-month
operation are analyzed and compared. Life cycle cost analysis and CO, emission estimation are
adopted to evaluate the economic value of ground-source heat pump investment and potential
CO; reduction through the use of ground-source heat pumps, in comparison with the case for
air-source heat pumps. It was found that the ground-source heat pumps consume 17.1% and 18.4%
less electricity than the air-source heat pump during this period. Local production of heat pumps
and heat exchangers, as well as rapid regional economic growth, can be positive factors for future
ground-source heat pump application, not only in Thailand but also southeast Asian countries.

Keywords: ground source heat pump; tropical climate; horizontal heat exchanger

1. Introduction

Southeast Asian countries have experienced rapid economic growth, at an average rate of 5.2%
per year since 2000. The rapid growth has been followed by an increase in the energy demand. In 2016,
the total primary energy consumption in the region reached 643 million tons of oil equivalent. While
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Southeast Asian countries may not be considered a major global CO; contributor, the CO, emissions
of those countries rose from 711 MT in 2000 to 1288 MT in 2015 [1,2]. The total generation of electricity
in the region increased from 370 TWh in 2000 to 868 TWh in 2015. By 2015, 83.4% of electricity was
generated by burning fossil fuels (i.e., coal, natural gas, and oil). Serious action must therefore be taken
immediately, in order to reduce the fossil fuel dependency [3].

Thailand accounts for 21.7% of the primary energy demand in Southeast Asia [1]. By 2015,
the national primary energy consumption and total electricity generation were respectively 135 million
tons of oil equivalent and 178 TWh, with fossil fuel accounting for 80.7% and 91.6%, respectively.
In 2017, the generation of electricity emitted 96.035 MT of CO, [2]. Air conditioners consume much
of a household’s electricity demand. According to a report published by The Japan Refrigeration
and Air Conditioning Industry Association, Thailand’s domestic total air conditioner demand in 2016
was 1.56 million units, the third largest demand in southeast Asia after Indonesia and Vietnam [4].
Data published by the Ministry of Energy of Thailand suggest that the residential sector consumed
20.4% of national electricity, 46% and 17% of which were used for air conditioning and refrigeration,
respectively [2]. These sectors have high potential energy savings [2,5,6]. Governments of Southeast
Asian countries are aware of this problem, and are thus considering several actions that promote the
higher efficiency of air conditioners in this region [7,8]. The residential energy growth in Thailand is
greatly determined by the increasing number of households, as well as an increasing income per capita.
The use of energy-efficient products is an important way of restraining the household energy demand.
However, the market prices of energy-efficient products, such as five-star-rated energy-saving air
conditioners, tend to be higher than those of regular products [9,10].

Meanwhile, it has been shown that the increase in the energy demand in Thailand accelerate
climate change and the urban heat island (UHI) phenomena [11-13]. Arifwidodo and Chandrasiri
have estimated that the annual increase of average temperature in an urban area (Bangkok) and a
sub-urban area (Pathumthani) are increasing as a result of UHIL The UHI severity index has been
found to be higher than those of other major cities in the world, such as Shanghai, San Diego, and San
Francisco, and within a similar range as Tokyo [13]. On the other hand, other studies have found
possible countermeasures of UHI in the Tokyo area by utilizing a district heating-cooling system and
ground-source heat pumps (GSHPs) [14,15].

The government of Thailand begun to improve the energy efficiency of air conditioners in the
1990s, and started labeling the ratings of air conditioners by the mid-1990s. End consumers are thus
supposed to be well aware of the labeling system. The efficiency of air conditioners was improved
by the introduction of an inverter, although its market penetration rate and market share remain low.
Meanwhile, the high demand for air conditioning units has offset efficiency improvements [6].

Among various alternative energy sources, the ground-source heat pump (GSHP), which utilizes
a relatively constant ground temperature, is widely applied for the cooling and heating of spaces.
Instead of exchanging heat with the outdoor environment, as in the case of a normal air-source heat
pump (ASHP), the GSHP uses the ground as a heat sink (for the cooling of spaces) and a heat source
(for the heating of spaces).

GSHP systems are generally classified as open-loop and closed-loop systems. Closed-loop systems
can be further classified into systems having vertical and horizontal arrangements of the ground heat
exchanger (GHE). The vertical closed-loop system has higher thermal efficiency, and the heat transfer
rate can be further improved through the convective heat transfer of groundwater flow. Although the
required site area for this system is small, the system has a high initial cost for drilling and installation
of the GHE. Meanwhile, the horizontal (shallow) closed-loop system is relatively inexpensive, as it
requires no vertical borehole and just shallow trenches that can be dug through manual (human) labor
or mechanical means, such as the use of a mini-excavator [16-18]. However, this system requires a
larger footprint for installation. The drilling cost of a vertical GHE in Japan is USD 6700 for a 50 m
borehole, while the same borehole costs USD 3000 in Thailand. In Thailand, meanwhile, the average
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wage for manual (human) labor is around USD 13 per day. The horizontal system thus has a great
advantage in terms of the initial cost.

In most cases, however, the thermal performance of the horizontal closed system is lower than
that of the vertical closed system, as the soil temperature at a shallow depth fluctuates and is strongly
affected by the ambient temperature and near-surface heat flux [18]. Thus, for a high cooling load
demand, such as in the case of the central cooling of an office or public building with a GSHP,
a horizontal heat exchanger may not be adequate.

The horizontal closed system is increasingly being studied. Several studies have compared shallow
linear, helical, and slinky GHEs in numerical simulation, and have found that the helical configuration
has the best performance [16,17,19]. They have also found that the thermal conductivity surrounding
a GHE and the flowrate of the heat transfer fluids are the most important parameters. Fujii et al.
performed numerical simulations of slinky GHESs installed at different depths, simplifying the GHEs as
thin flat plates [20]. Their simulation results agreed well with experimental data. In subsequent work,
they presented the results of a slinky GHE field test during heating (winter) and numerical simulations
of double- and single-layer arrangements, and found that the double layer has a lower energy cost
per unit of site area, owing to its better performance [21]. Recent studies have also remarked the
importance of soil properties, moisture content, environmental parameters, and installation design to
heat-pump performance [22-26].

Recent research on GSHPs also has focused on the hybrid system. The GSHP hybrid
system incorporates another thermal system, i.e., a desiccant or solar thermal energy. The hybrid
GSHP-desiccant system allows better and more effective means of controlling space humidity and
air temperature [27-29]. By taking direct solar heat energy, the efficiency of a GSHP during heating
can be significantly improved. The hybrid GSHP-solar system offers higher thermal performance for
applications, such as water heating, heat storage, or drying [30-33].

Unlike the case of most GSHP applications in a four-season climate, the cooling load is
predominant in a tropical climate. The application of the GSHP in a tropical climate thus uses
the ground mainly as a heat sink to remove heat from a building. Furthermore, the difference between
ground and air temperatures is negligible.

To the extent of our knowledge, only few studies have focused on the application of the
GSHP in tropical climates. One study showed that GSHP are expected to replace underperforming
air-cooled condensers in Singapore [34]. Permchart and Tanatvanit used the ground as a heat sink
for direct-expansion GSHP, by directly burying the refrigerant piping exiting the compressor of
the heat pump [35]. Yasukawa et al. identified regional variation in the subsurface temperature
by investigating the vertical temperature variation in several observation wells around the Chao
Phraya Plain in Thailand and the Red River Plain in Vietnam [36]. In several areas, they observed
subsurface temperatures lower than the monthly mean air temperature, while in other areas, subsurface
temperatures were higher, but still lower than the monthly maximum air temperature. Furthermore,
the authors emphasized that the application of GSHPs in these areas could take advantage of advective
heat transfer due to groundwater flow. Following their study, a GSHP system was installed in
Kamphaengphet, Thailand [37]. The system uses a single 56 m borehole with a double U-tube
GHE. Long-term performance results show that an average coefficient of performance (CoP) of 3
can be achieved. Additionally, during successive operation, the borehole temperature increased,
but recovered to its initial temperature after a week, and there was no long-term increase in the
subsurface temperature after more than a year of operation. Uchida et al. conducted subsurface
groundwater surveys and a stable isotope evaluation on the Chao Phraya Plain [38]. Their results
show differences in the subsurface thermal gradient between lower and upper plains, due to thermal
conduction by regional groundwater flow. Furthermore, they remarked that GSHPs installed in
areas with different groundwater thermal conduction characteristics may have different performance
efficiencies. The most recently published research on the application of GSHPs in Bangkok with
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vertical boreholes and a single U-tube configuration showed advantages in terms of energy savings
compared with a normal ASHP [39].

Various economic analyses can be applied to assess the economic value of GSHPs—e.g.,
present value (PV) analysis, internal rate-of-return analysis, net-benefit analysis, payback analysis,
and benefit-to-cost ratio analysis [40]. Noorollahi et al. performed a numerical simulation and
economic evaluation using the PV for the application of GSHPs to the energy supply of greenhouses in
Iran [41]. The annual cost has been used to evaluate the feasibility of GSHP application in Turkey [42];
it was concluded that the GSHP system is economically preferable to the ASHP system for cooling
purposes. Esen et al. [43] conducted a techno-economic assessment of GSHPs for heating in Turkey.
Go et al. [44] evaluated the economic feasibility of various configurations of the shallow spiral coil
loop heat exchanger, using the PV, internal rate of return, and savings-to-investment ratio. Zu et al.
analyzed the economic application of GSHPs in hot and humid climates using the PV [45].

Owing to aforementioned concerns, the objectives of present work are (i) to demonstrate
the applicability of GSHPs, using shallow heat exchangers compared to the ASHP, through the
experimental results in the hot tropical climate of Thailand; and (ii) to highlight important financial
considerations by analyzing the prevailing factors that must be considered in order to make GSHP
application in Thailand and other Southeast Asian countries economically attractive.

2. Climate of Thailand

Located in a tropical area, Thailand has a topography that can be divided into five areas and
two regions. The upper (higher latitude) region is comprised of northern, northeastern, central,
and eastern areas, while the lower region is comprised of the southern area. According to the
Koppen climate classification, the upper region has a tropical monsoon climate, while the lower
region has a tropical savanna/wet climate, with an equatorial climate in a small part of southern
Thailand. The year is divided into three seasons. The rainy season of the southwest monsoon is from
mid-May to mid-October, with the rainfall being highest from August to September. Winter of the
northeast monsoon is from mid-October to mid-February. The summer or pre-monsoon season is from
mid-February to mid-May.

In contrast with the upper region, which has high temperatures and a long warm period, the lower
region has milder temperatures and higher humidity, as well as less diurnal and seasonal temperature
variation [46]. Figure 1 shows the daily average, minimum and maximum temperatures, and average
relative humidity recorded in 2017 at two measuring stations located in Bangkok (13°45'09” N) and
Lopburi (14°48’00” N), 150 km northeast of Bangkok. The recordings indicate that there are only
small seasonal temperature variations, with the temperatures being highest during April-May. Note
that Bangkok has slightly lower annual temperatures but higher humidity than Lopburi, as Bangkok is
located at a lower latitude and close to the Gulf of Thailand. The green shading in the figure indicates
average underground temperatures recorded in observation wells [36]. It is also important to note
that there is almost no difference between the annual average temperature and ground temperature.
However, Bangkok has a slightly higher underground temperatures with a wider range compared
with Lopburi.
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Figure 1. Annual temperature (upper) and relative humidity (bottom) variations measured in Bangkok
and Lopburi Province (2017). Green shading shows the average shallow ground temperature at depths

of 0-100 m [36].

3. Configuration of the Heat Pump System

3.1. Shallow Ground Heat Exchanger

Shallow horizontal heat exchangers were installed at the Saraburi Campus of Chulalongkorn
University. The campus (14°31'17.4”N 101°1'07.1"E) is located in Saraburi province, northeast
of Bangkok, as shown in Figure 2. The upper soil is comprised of mainly volcanic-derived,
clayey-sandy soil.

Laos

Figure 2. Location showing the installation site of ground-source heat pump (GSHP) systems at the
Saraburi campus of Chulalongkorn University, Saraburi Province.

There were four groups of heat exchangers, as shown in Figure 3. Two types of heat exchanger
were used, namely sheet-type (carpet-type) and high-density polyethylene (HDPE) pipe GHEs. The
carpet-type heat exchanger had overall dimensions of 5.6 m x 0.9 m and is comprised of 117 small
HDPE tubes (with an outer diameter of 6 mm), as shown in Figure 4. HDPE pipes with a diameter
of 3.2 cm and thickness of 2.4 mm were used in both slinky and helical arrangements, as shown in
Figures 5 and 6. In total, 500 m of HDPE pipe and two carpet-type heat exchangers were installed
over a footprint of 73.8 m2. The ground heat exchangers were not influenced by the groundwater. The
detailed setups of GHEs were as follows.
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In Group 1, two layers of 100 m of HDPE slinky pipes were installed in the bottom of a trench
having dimensions of 14 m x 2 m x 1.5 m (depth), with a vertical separation of 50 cm. Figure 5 shows
the preparation and installation of the Group 1 heat exchanger.

In Group 2, two layers of 50 m of HDPE slinky pipes were installed in the bottom of a trench
having dimensions of 4 m x 2 m x 1.5 m (depth), with a separation of 50 cm.

In Group 3, two layers of GHEs were installed in the bottom of a trench having dimensions of
20m x 2m x 0.8 m (depth). The bottom layer was comprised of two carpet-type heat exchangers
connected in a series, while a slinky-pipe heat exchanger was installed 0.3 m above the bottom layer.
Figure 4 shows the installation of the carpet-type heat exchanger.

Lastly, in Group 4, two 50-m HDPE pipes in a helical configuration were installed in the bottom
of two trenches having dimensions of 3 m x 1.3 m x 2 m (depth). The two pipes were connected in a
series. Figure 6 shows the installation of this heat exchanger.

3.2. Room Cooling Experiment

An experimental room (having dimensions of 3 m x 8 m x 2 m) in Building 1 of the Center
of Fuels and Energy was used for an operational cooling test. The material of the building’s
wall was fiber cement board having thermal conductivity of A = 0.14 Wm~'K~! and heat capacity
C =600 Jkg~ 'K~ [47]. Three fan coil units (FCUs)—one ASHP and two GSHP (GSHP 1 and GSHP 2)
systems—were installed. Both GSHPs use antifreeze solution (40% propylene glycol) as ground heat
transfer fluid. The antifreeze solution was used in order to reduce the risk of corrosion. GSHP 1 was a
Japanese GSHP with reversible functions for cooling and heating. GSHP 2 was an ASHP, modified
by changing the original heat exchanger with a plate heat exchanger (Kaori-K050X22, 7.03 kW) to
allow heat exchange between the R410A refrigerant fluid and ground-loop circulation fluid. Figure 7
shows the heat exchanger replacement work of the modified GSHP. Specifications for each system
are presented in Table 1. Both GSHPs were connected in a series to GHEs, as shown in Figure 3.
A Graphtec GL240 logger recorded data from the power meter and thermocouples that measured the
outdoor, indoor, and circulation-fluid inlet and outlet temperatures at 10-min intervals. For the ASHP,
only the power consumption and outdoor and indoor temperatures were recorded. The thermocouples
used for measurements are described in Table 2.

Table 1. Technical specifications of the heat pumps used in the present study.

Heat Pump Ca;‘z‘i)tl}lfn(iW) Ca;i::;:iw) Inverter  Refrigerant I]{E:t? :lgg); Remarks
GSHP 1 4 5 Yes R410a - Imported
from Japan
Replaced
with 7.03 kW
GSHP 2 N/A? - No R410a N/A3 Water-R410A
plate heat
exchanger
ASHP 3.5 - Yes R410a 5 stars -

! Certification standard issued by Electricity Generating Authority of Thailand (EGAT); 2 the original Cooling
capacity was 3.6kW; 3 the original energy rating was five stars (2011 standard certification).

Table 2. Temperature sensor specifications.

Sensor Location Sensor Type Accuracy
Indoor air temp. T type thermocouple +/-05°C
Atmospheric air temp. T type thermocouple +/-05°C
Heat transfer fluid inlet Pt100 platinum resistance +/-02°C
Heat transfer fluid outlet Pt-100 platinum resistance +/-02°C
Ground Temperatures NTC thermistor +/-02°C
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Figure 3. Schematic diagram of the connection of heat pumps and GHEs; the number in the circle

represents the grouping of the ground heat exchangers.

4. Data Analysis

The CoP is the ratio of heat removed from the room (see Figure 8) to the work required:

_Qc
CoP = Wr

Vertical Cross-section

()

Here, Q. (in W) is the rate of heat removed from the building and Wt (in W) is the total electrical

power consumption, calculated as

Wr = We + Wg + Wp

@

where W¢, Wr, and Wp are the electrical power for the compressor, fan, and circulation pump,

respectively.

Figure 4. Carpet-type heat exchanger installation.
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Figure 7. Modification of the air-source heat pump (ASHP) and installation of the plate heat exchanger.
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As the heat pump performance data record the temperature and flowrate of GHE fluid inlet and
outlet from the GSHP, Equation (1) can be rewritten as

~ Qc  Qy—Wc
CoP = WS Wy ®)
Here, Qg (in W) is the rate of heat rejection into the ground, expressed as
Qn = (Tout — Tin)pcVin @

where Tyt and Tj, (in C) are, respectively, the heat exchange fluid temperatures at the GSHP outlet and
inlet, while p (kg/m?), ¢ (J/(kgC), and V,, (m®/s) are, respectively, the density, specific heat capacity,
and flowrate of the heat exchange fluid.

The variation of data within the operational period of each heat pump is quantified in simple
standard deviation analysis as

N (ki —®)?

o= N1 (5)

where x; is the observed value, X is the average value, and N is the number of data points.

Compressor
electrical power

e

Room Cooling

Heat from

room (Qc) Heat rejection ground

(©n)

Figure 8. Illustration of energy flow during cooling.

5. Results and Discussion

5.1. Experiment and Analysis

The heat pump performance data presented in this paper were recorded during May-June 2018.
The heat pumps were used for intermittent cooling during the operational period.

Figure 9 shows that the temperature was highest in April, while May and June are among the
hottest months of the year. Meanwhile, the rainfall and humidity were highest in September. This
suggests that the thermal loads of heat pumps vary through the year. There was a high sensible cooling
load around April, and a high latent cooling load around September.

From May to June 2018, GSHP 1, GSHP 2, and the ASHP respectively, operated for 19, 18,
and 17 days, with the daily average operational period being 9.6 hours; it should be noted that the
start—stop schedule was not fixed at an exact time. The experiment was conducted on a daily basis
during weekdays and sometimes during the weekend, in case the experimental room was being used.
Apart from the automated logging system, personnel who turned the heat pumps on and off wrote
down the start/stop time, as well as the analog energy meter readings in a logbook. The data gathered
from the data logger were then cross-validated against the logbook data. The room temperature was
set at a constant 25 °C for all heat pumps. The average heat exchange circulation flowrate of GSHP
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2 was 11.56 L/min (= 1.92 x 10~* m3/s), owing to the low-capacity circulation pump, in contrast
to 22.27 L/min (= 3.71 x 1074 m3/ s) for GSHP 1. Figure 10 shows the variation in the outdoor
temperature during the operational time. Average operational temperatures were 32.4 and 31.9 °C for
May and June, respectively.
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Figure 9. Annual variations of temperature, precipitation, and relative humidity at Saraburi.
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Figure 10. Atmospheric temperature variation during the heat pump operation.
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The logged temperatures and power consumption during the operation of GSHP 1, GSHP 2,
and the ASHP are presented in Figures 11-13. In addition to ASHP data, calculations of the CoP and
heat rejection rate are shown. A comparison of the performances of GSHP 1 and GSHP 2 reveals that
even though the circulation flow rate of GSHP 1 was half that of GSHP 2, there was no appreciable
difference in the heat rejection rate—i.e., 4.26 kW for GSHP 1 versus 4.29 kW for GSHP 2. This is
attributed to differences in the inlet and outlet temperatures of the GSHPs.

Further analysis indicates that for two months of operation, during which GSHPs were used
for 37 days, there was no increase in the daily final inlet temperature. This suggests that there was
no long-term rise in the background temperature, at least during the experimental period. Different
inlet and outlet temperatures on GSHP operational days were simply due to different cooling loads
resulting from variations in the outdoor temperature.

GSHP 1 and the ASHP showed scattered (wide range) values of power consumption, compared
with steady values for GSHP 2. This was due to the ability of the inverter to regulate the compressor
speed and precisely control the evaporator outlet temperature [48]. The variations can be explained
by evaluating the standard deviations of the room temperature, power consumption, and heat
rejection rate.

Figure 14 compares the performances of all heat pumps. Each error bar represents the standard
deviation of data. The standard deviations of the power consumptions of GSHP 1 and the ASHP were
larger, indicating larger variations, while the temperature data of GSHP 1 and the ASHP had smaller
standard deviations in comparison with the standard deviations for GSHP 2. A comparison of the
average electrical consumption shows that the GSHPs required less electrical input than the ASHP. The
average electrical consumptions of GSHP 1 and GSHP 2 were 658.7 and 648.6 W, respectively, being

17.1% and 18.4% less, respectively, than the electrical consumption of 795.5 W for the ASHP.
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The ASHP consumed more electricity than the GSHPs, with most of the data extending within
800 W or more. However, when the average outdoor temperature was low (e.g., see May 1, May 22,
and June 27 in Figures 10 and 13), the ASHP operated with low electric power, owing to the low
cooling load and inverter control. The calculated cooling loads of the two GSHPs had similar values
despite having different standard deviations. Furthermore, supposing that the average cooling load
during the two-month period did not change greatly, the cooling load calculated for a GSHP (3.65 W)
was used to estimate the CoP of the ASHP, as shown in Figure 14.

Figure 15 compares temperature data of GSHP 1 and GSHP 2 for similar operational outdoor
temperatures (see also Figure 10) on May 20 and May 9, respectively. GSHP 1 operated for 8.33 hours,
while GSHP 2 operated for 9 hours. GSHP 2 began operation earlier in the morning, while GSHP 1
stopped operation later in the evening. This can be seen from the low outdoor temperature of GSHP 2
at the beginning of operation, in contrast to the low outdoor temperature of GSHP 1 at the end of
operation. The results reveal that the outlet temperature of GSHP 2 was higher than that of GSHP 1,
although the operating conditions were nearly the same. The inlet and outlet temperatures of the two
systems rose over time, following a similar linear trend. It is interesting that even though the outlet
temperature of GSHP 2 was roughly 5 °C higher than that of GSHP 1, the difference in average power
consumption for the two heat pumps was not great. From the current standpoint, bearing in mind that
the current GHE circulation flow rate was low, a higher flow rate may be considered to increase the
performance of GSHP 2.

Figure 16 shows the performance of the ASHP. During operation at a high outdoor temperature,
the ASHP required a power input higher than the average power consumption of GSHP 1 and GSHP 2.
However, as soon as the outdoor temperature dropped below 27.5 °C, after about 7 hours of operation,
the power consumption fell below the average value for GSHP 1 and GSHP 2. This temperature range
is a turning point, where one may consider that the application of a GSHP has no advantage over
the application of an ASHP. There is a close relationship between thermal comfort and occupants’
psychological and physical considerations [49-51]. The personal comfort zone may thus be different
from the standard definition of thermal comfort [5,8,51,52]. Studies focusing on indoor thermal comfort
found that people living in the tropics tend to have an acceptable temperature comfort zone higher
than that of ASHRAE standard 55 [5,50,52-56]. Thus, at this temperature, people may require only the
circulation of air through the use of a fan to obtain an acceptable comfort level.
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5.2. Ground Temperature Data

One of the most important parameters that affects the performance of GSHP is the soil temperature.
It fluctuates due to both the heat transfer from/to the heat exchangers and the natural heat transfer
from the surrounding environment [57-62].
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Three ground temperature sensors were installed in the experimental site. Sensor A and B were
installed at depths of 0.7 m and 1.5 m, respectively, in a single vertical hole, close to the end of the Group
1 heat exchanger (see Figure 3), with a 60-min sampling interval. Sensor C was installed 20 meters
away, to measure the background temperature. However, from middle of March 2018 onward, no
data were recorded, due to broken underground wiring. Figure 17 shows the recorded temperatures
between 1 December 2017 and 13 March 2018. During this period, a similar intermittent experimental
pattern was carried out. Broken lines show the daily maximum and minimum temperatures during
the same period. The general trend of the ground temperature could be divided into two periods, i.e.,
the declining ground temperature before January, followed by the increasing temperature after January.
The declining temperature can be observed during December as the average air temperature decreases.
During this month, the ground temperature fluctuations, as can be observed from sensors A and B,
were lower, due to the fact that the thermal load of GSHP was low, resulting in the low heat rejection
rate. It is also clear that the temperatures from all three sensors show that the ground temperatures are
close to those of the maximum daily temperature. Temperature fluctuation could be observed from all
sensors. Fluctuations shown by sensor C indicated that the ground temperature fluctuations at 1 m of
depth, due to the daily variation of air temperatures. A sharp fluctuation pattern can be observed from
sensor B, due to the increasing ground temperature followed by the declining temperature during the

GSHP’s operation cycle. However, positioned further away from heat exchanger, less fluctuation is
observed at position A.
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Figure 17. Ground temperatures and maximum-minimum daily air temperatures.

Looking closely at Figures 17 and 18, the temperature pattern of sensor B indicated that the
intermittent use of GSHP and ASHP could provide enough of a period for stabilizing ground
temperature and preventing excessive ground temperature rise, which could eventually lower the
GSHP performance. It is likely that the use of GSHP alone will not provide better thermal performance
compared to its present intermittent use with ASHP.

It is interesting to note that the ground temperature at position A was strongly affected by the
rainfall infiltration. When rain occurred, the temperature at this position (0.7 m depth) started to
decline by about 2-3 °C. The declining temperature at this depth was prolonged for 2—4 days after
the rainfall. Figure 18 shows the detail of ground temperatures from February 20-March 3. After
the rain occurred in February 23, the temperature at sensor position A started to decline. However,
the temperature at the background (position C, 1 m depth) seemed to be unaffected by the rain,
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except more rain on February 27, in the morning, when a slight temperature decline was observed.
In relatively dry conditions, the ground temperature at position B (1.5 m depth) increased during the
heat rejection period. In contrast, the soil at position A increased after the heat rejection was finished. A
similar pattern also can be observed during the soil desaturation period after the rainfall (February 28).
During the soil saturation process (February 23-27) following the rainfall, such an occurrence was

not observed.
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Figure 18. Ground temperatures during heat pump operation (February 20-March, 3).

Rainwater is in thermal equilibrium with the atmospheric temperature when it reaches the
ground’s surface. It infiltrates the ground surface at a lower temperature, in contrast to the upper
ground temperature. The heat transfer at shallow depths involves a complex mechanism, including
conduction by soil matrix, convection by liquid water, and sensible and latent heat transfer by water
vapor movement [60,63-65]. However, further analysis on heat and moisture transfers at shallow
depths and their effect on the performance of GSHPs are not discussed in this paper, due to the absence
of the performance data of heat pumps and soil moisture, i.e., soil hydraulic parameters, volumetric
water content, degree of saturation, and pore-water pressure. It has been remarked in previous studies

that soil thermal conductivity is strongly related to soil water saturation [62,66-69]. Go et al. evaluated
the effects of rainfall infiltration on the performance of GSHP, with shallow horizontal heat exchangers
via numerical analysis [69]. Their study remarked on the free convective heat transfer at the upper
region of a shallow heat exchanger during heat rejection, due to both air density and temperature
gradients. They pointed out the relationship between increasing thermal conductivity due to rain
infiltration and GSHP thermal performance. Ground heat exchanger performance prediction accuracy

is significantly affected by soil moisture transfer and properties [62].

5.3. Life-Cycle Cost Analyses of the Potential Annual CO, Reduction
In order to make GSHP application gain attention among people in southeast Asian countries,

it is important to understand the economic benefits of its application.
The present study conducts a life-cycle cost analysis using the PV. The PV is defined as the current

value of future cash flows: c
1,2 6)

PVi= ——— t= “nr

(1+i+j)f
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The lifetimes of the heat pumps are assumed to be ny = 15 years, and both the interest rate i
and inflation rate j are set at 1.5%. The net present value (NPV) is the total PV for the given period
of investment: nr

NPV = ) PV, (7)
t=1

Heat pumps are assumed to operate on average for 9 h per day and 320 days per year. Further
assumptions are that the land cost can be ignored and that no taxation is imposed. The annual
CO; emission generated in running the heat pumps is calculated by considering an annual emission
intensity (2017) of 0.471 kg/kWh [2]. Under the aforementioned operating period and experimental
results, the annual CO, emission is 1078.4 kg CO, /year for the ASHP, and 894.16 and 880 kg CO,/year
for GSHP 1 and GSHP 2, respectively.

The costs used in the life-cycle cost analyses are presented in Table 3. The table shows that the
cost of GSHP 1 is 4.3 times that of the ASHP. This is because the Japanese domestic price is used for
GSHP 1, as it is sold solely in Japan and was imported to Thailand for the purpose of research.

Table 3. Initial and installation costs of each heat pump and heat exchanger.

Heat Pump Life-Cycle Cost Cost!
GSHP 1 Total cost 5700
GSHP 2 Total cost 900
Ground Heat Exchanger Material cost 225
Installation cost 360
ASHP Unit cost 630
Installation cost 90
Others Electricity cost 0.1352

1 All costs are in USD; 2 Electricity cost is in USD/kWh.

Figure 19 presents the NPV of each heat pump when considering power reductions of 17.1%
and 18.4% for GSHP 1 and GSHP 2, respectively, as a base case. The figure reveals that the NPV
period for GSHP 2 is equal to that of the ASHP after 15 years, when all systems reach their assumed
maximum lifespans. From an economic perspective, GSHP 2 has no advantages over the ASHP in
terms of cooling spaces. The calculated lifetime CO, emissions for the ASHP, GSHP 1, and GSHP 2 are,
respectively, 16, 170, 13,412, and 13,200 kg CO,.
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Figure 19. The net present value (NPV) of the heat pumps (in the base case scenario).
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Figure 20 presents the calculated NPVs, assuming that an annual power reduction of 40% can
be achieved for both GSHPs through the optimization of the systems. In such a case, the annual CO,
emission is 647.04 kg CO, /year for each of the GSHPs. It has been observed that the NPV periods
for GSHP 2 reach the same value as that for the ASHP after 6.3 years of operation. At the end of its
lifespan, GSHP 2 has a 14% cost reduction. The lifetime CO, emission for each GSHP is 9705 kg CO5.
However, it is noted that in both scenarios, the cost of GSHP 1 is too high, owing to the high system
cost, making the GSHP 1 system unfavorable from an economic point of view, unless the heat pump
cost is significantly lowered. Beside the aforementioned cost analyses, to evaluate the actual long-term
sustainability of GSHP application, life cycle assessment can be adopted to assess the environmental
effects of the GSHP [15,70-72]. Furthermore, long-term data (i.e., year-round experimental data) are
required, such that an annual evaluation and comparison of heat pump systems can be carried out.
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Figure 20. NPV of the heat pumps assuming the GSHP uses 40% less power than the ASHP.

Comparing both GSHPs, it is important to note that the major cost difference relies on the heat
pump cost, since both systems used similar ground heat exchangers. The ratio of the heat exchanger
and installation cost to the heat pump cost were 10% and 60% for GSHP 1 and GSHP 2, respectively.
That is to say, GSHP 1 costs six times more than GSHP 2. Thus, it is necessary to lower the heat
pump cost in order to make GSHP application in southeast Asian countries become economically
attractive. Cost reduction can be achieved in several ways, such as local manufacturing of GSHP
systems, including the heat exchangers, and considering several factors, such as those outlined below:

e  Thailand and other southeast Asian countries are experiencing rapid economic and industrial
growth [73].

e  The ground-source heat pump is a relatively mature technology.

e A single-function heat pump (only for cooling) is less complicated than those with reversible
functions (cooling and heating).

e Labor cost is relatively low; installation cost can be further reduced by a proper arrangement

and design.

5.4. Future Study

Despite the present study providing early insight into the application of GSHPs in a hot and
humid climate, critical analyses are not possible owing to the limited data. Improvements, mainly
concerning the data acquisition, thus need to be considered in the future.

Long-term analyses must be conducted for a full year, to clarify the effects of climatic variation
on the performance of a heat pump. It is interesting that recent research on GSHP applications in
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Bangkok, using the vertical borehole exchanger, showed that an electricity reduction of 30% or more
can be achieved [39].

All the aforementioned considerations support the optimization of GSHP in terms of the
compressor and heat exchanger capacity, GHE length, size, and separation, while taking into account
the building cooling load characteristics and ground conditions.

6. Conclusions

This study presented the application of GSHP in a tropical country (i.e., Thailand) using shallow
horizontal heat exchangers. The performances of the two GSHPs were compared to the ASHP in a
two-month experiment. The results demonstrate that during the hot season in Thailand, GSHPs with
shallow heat exchangers perform better than ASHPs. GSHP 1 and 2 consumed 17.1% and 18.4% less
electricity, respectively, than ASHPs. Likewise, the CO, emissions could be reduced at a similar rate.
During the GSHPs’ operational period, the ground temperatures were higher compared to the average
daily air temperatures. A significant ground temperature increment was observed at the position near
to the heat exchanger, as a result of heat rejection during the GSHPs’ operation. Intermittent use of a
GSHP and an ASHP provide enough time for the ground to dissipate heat. In addition, cost evaluation
revealed that, considering a lifetime of 15 years, investment in GSHPs had no economic advantage
over investment in ASHPs. The realization of economic benefit requires a reduction of capital cost.
One alternative to achieve this goal is by local manufacturing of the GSHPs.

Further study will focus on long-term performance while upgrading data acquisition, so that
other crucial data can be obtained for advance analyses.
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Abstract: This work presents the main behaviors shown in the habits of consumers of domestic
refrigerators, which influences the energy consumption of this appliance. This study is based on a
series of surveys answered by 200 consumers from four cities in the State of Guanajuato, Mexico. The
questions were arranged with the aim of evaluating the general characteristics and usage habits such
as refrigerator age, door opening frequency, damper position, load of food supplies, external and
internal cleaning habits, and nearby heat sources, among other things. The randomly interviewed
consumers were individuals between 20 and 60 years of age, who were interviewed using handmade
surveys by experts in the field of refrigeration. In some cases, photographic evidence was gathered
from the consumers’ refrigerators to represent the typical usage habits. In general, the results show
that better usage habits are necessary from an energy point of view. Most consumers agree with
adopting best practices for using their refrigerator.

Keywords: domestic refrigerator; consumer habits; energy consumption; good practices; surveys

1. Introduction

From early civilizations to present time, the need for preserving a space with a lower temperature
than that from the environment, in relation to the handling and preservation of food, has been, and
will continue to be a fundamental part of life. Thus, the refrigerator is one of the appliances most
widely made because of its essential part in homes. Nowadays, domestic refrigeration based on vapor
compression technology represents one of the major energy consumers in any home. This technology
(air conditioning systems, refrigerators, among others, based on vapor compression) represents about
17% of the energy demand around the world [1]. Moreover, in 2009, approximately 80 million domestic
refrigerators were produced [2]. Currently, around 1.5 trillion domestic refrigerators are in service
worldwide [1]. These numbers are quickly changing due to the increase in consumers and the need for
this type of appliances to preserve and to handle food.

In Mexico, the domestic sector demands the 26% of the national energy consumption, according
to the Fideicommissum for the Energy Saving. Thirty percent of this corresponds to the energy
consumption of the refrigerator, which is the second appliance with the most energy consumption in
homes [3]. Moreover, in Mexico, 80% of homes own at least one refrigerator, which represents more
than 23 million in service.

For the last few years, significant efforts have been made to improve the energy efficiency in
domestic appliances. Some methods like energy consumption labelling consider energy efficiency as a
guide for the search of energy improvements [4,5]. Coupled with this, a variety of mechanisms can
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increase the energy efficiency in a refrigerator and researchers are widely studying them; among the
most relevant mechanism to mention include: improvements in the design of the main components
(e.g., compressor and heat exchangers), adequate thermal insulation, application of the regulations,
and analysis of the thermal behaviors at the compartments, among other things [6].

Without forgetting that currently there are drop-in replacements of Hydrofluorocarbons (HFCs),
by low Global Warming Potential (GWP), refrigerants, in the Kyoto Protocol and recently in the Kigali
agreement, there is the task to reduce the use of refrigerants with high GWP. Moreover, in the EU
Regulation No. 517/2014 in domestic refrigerators and freezers, employing HFCs was forbidden
with 150 or more as GWP [7]. In this sense, in the literature there are several papers where the use
of Hydrocarbons, HCs, Hydrofluoroolefins (HFOs), and natural refrigerants in vapor compression
refrigeration systems are focused on domestic refrigerators and freezers [8-12]. In fact, HCs are the
most recommended [13]. However, despite the main problem with these refrigerants being their high
flammability, they are now used in new domestic refrigerators in Europe. Nonetheless, due to being
classified as A3 refrigerants, HCs are forbidden in Japan and USA.

On the other hand, currently in Mexico, the use of HFCs and Hydroclorofluorocarbons (HCFCs),
is not forbidden yet. For this reason, in the development of this paper, the refrigerant that is present in
homes is R134a.

In relation to the improvement of domestic refrigerators, it is clear that a reduction in the energy
consumption of this appliance can cause a greater competitiveness for the maker. Moreover, it
reduces the environmental impact caused by this appliance, and of course, a benefit for the consumers’
savings [6]. On the other hand, factors like room temperature and relative humidity considerably
affect the energy consumption of a domestic refrigerator [14,15] and they also affect the refrigerant
type and charge used in the refrigerator [16]. Nevertheless, other factors like: door opening frequency,
position of the damper, quantity of food, and compartments cleaning, among other things, depend on
the consumers’ habits, which play an important role in the cold chain and the adequate preservation of
the food. Therefore, the consumer plays the main role in, and is responsible for the energy and thermal
behavior in a refrigerator. In the literature, works that comprise the study of some of these factors with
a statistic focus based on surveys are available. For example, Janjic et al. [17] studied the conditions
under which the food is exposed inside the refrigerators such as temperature, cleanliness, and storage
practices. The authors concluded that around half of the participants in the survey have inadequate
food storage practices in their refrigerators. Moreover, the inner temperature of the refrigerator
was considerably higher in comparison with the temperature recommended by the manufacturer.
Geppert and Stammiger [18] evaluated consumer behavior concerning refrigerator usage and the main
characteristics of these appliances. They analyzed room temperature conditions, compartment inner
temperature, and the sources of heat near the refrigerator; all aspects that influence the performance of
this appliance. Based on the results, the authors described a series of recommendations about energy
efficiency, and with this, they concluded that the information specifically directed to consumers on this
topic is scarce. Further in the reading, the authors extended their study to experimentally evaluate
some of the operational factors that reflect the daily use of refrigerators such as room temperature,
damper position, and the thermal load influenced by the food quantity. They concluded that the
energy consumption was very sensitive to the room temperature and to a lesser extent, the refrigerator
inner temperature and the thermal load [19]. Hasanuzzaman et al. [20] evaluated the usage habits in
refrigerators such as the damper position and the thermal load, in addition to the room temperature
and its influence on heat transfer, and the refrigerator’s energy consumption. The authors confirmed
that the room temperature and the thermal load represented a major impact on the heat transfer and
the energy consumption. On the other hand, James et al. [21] gathered diverse studies performed
globally that analyzed factors such as frequency with which doors were opened, cleanliness, food
handling and storage, and the age of the refrigerator. The above was with the aim of analyzing the
thermal behavior of the refrigerator and the cleanliness of the food in relation to their impact on
consumer health.
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According to the literature reviewed, it is necessary to explore in greater depth the role played by
the consumer in the use of the refrigerator to analyze the impact on energy consumption and therefore
propose a better use of the energy in this type of household appliances. Thus, this study analyzes
diverse factors that influence the energy behavior of a domestic refrigerator. This work is based on
the implementation of a series of surveys that were conducted specifically among consumers that
live in cities of the State of Guanajuato, Mexico. In addition, the analysis and the results of this study
contribute to providing more information about the usage habits of consumers and their relationship
with food handling.

2. Material and Methods

The results presented in this study are based on a series of surveys conducted among consumers
in cities of the State of Guanajuato, Mexico. The economic activities are different for each city in the
state. In addition, consumers from different socioeconomic classes were selected for this survey with
the aim of having a more representative sample from the central area of the country. Each of the
participants were informed about the aim of the study, and with their prior consent, interviewed.
At the end of the interview, photographic evidence was gathered from the inner compartments and
exterior of the participants’ refrigerator. The survey was performed among relatives, friends, and
neighbors, all of them adults, and in different homes with different numbers of family members. Some
interviews were also conducted among small homemade-cooking businesses, known as “cocinas
econémicas”. These are typical places in Mexico where consumers buy homemade takeout food. The
surveyor registered the answers on paper and by hand.

2.1. Data Colletion

With the aim of having results that reflect to a greater extent the behavior of the usage habits of
domestic consumers’ refrigerators, 200 surveys were conducted with participants from four cities in
the State of Guanajuato and with different socioeconomic levels. The questions were prepared with
the aim of demonstrating the energy behavior due to the usage habits of the consumers, and they
were conducted by four expert investigators in the field of refrigeration. The questionnaire had 20
questions (see Appendix A), some of them with multiple-choice answers to complement more the main
topic. Among the topics of interest and according to the objective of this study the participants were
asked: about their refrigerator brand, the time the consumers owned the refrigerator (age), number
of members in the family and who used the refrigerator, sources of heat near the refrigerator, (e.g.,
windows, stove, microwave oven, television), load of food in the compartments (very full, full, regular,
mostly empty), number of times the refrigerator doors were opened, and inner and outer cleanliness,
among other things. Finally, photographs were taken from those refrigerators showing the most
inadequate usage habits. Some of them are presented in this study for illustrative purposes.

2.2. Statistical Analysis

The survey was conducted for 2 months, from May to June 2018 (temperate season with maximum
temperature and relative humidity conditions of 27 °C and 40%, respectively), and once all the
information was gathered, they were analyzed using Excel as a spreadsheet tool. In such manner, the
tool facilitated creating graphics that reflected the behaviors of the usage habits of the consumers and
allowed the analysis of the statistical significance (p-value) for the quantitative questions (How long
have you had your refrigerator?; How often do you open the refrigerator per day?; and How often
do you clean your refrigerator?), as are shown in the next sections. This was with the objective of
capturing trends regarding refrigerator energy consumption. Among the graphics shown in this paper,
bar charts are presented to compare different values and categories. Additionally, pie charts were used
to represent percentages and categories proportions.
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3. Results and Discussion

Knowing and quantifying the usage habits of refrigerators in Mexican homes, especially those in
the State of Guanajuato, make it possible to project the use given to this appliance and the possible
impact on energy consumption. This section highlights the main results of this study.

3.1. Respondents

The information gathered from the interviewed consumers was divided into: gender, age, and the
number of people that commonly used the refrigerator. Two-hundred surveys were performed, and
from these, 81% corresponded to women and 19% to men. These numbers highlight that, in this region
of the country, it is women who generally participate in household activities and who provided most
of the information gathered in this study. Regarding the age of the interviewed consumers, they are
presented in groupings ranging from 20 to more than 60 years old, as is shown in Figure 1. Dividing
the participants ages in this manner helps to understand how much the usage habits with refrigerator
have changed from one generation to the next. According to Figure 1, it is shown that half of the
participants are relatively young consumers, and their age ranks from 20 to 40 years old. Additionally,
Figure 2 shows the number of people inhabiting in the surveyed homes, and that commonly use the
refrigerator. The data distribution shows that the higher frequency number of inhabitants is four,
which is a typical nuclear family in this part of Mexico.

Age range

20-30 years old
= 31-40 years old 18%
41-50 years old
51-60 years old
m more than 60 years old 26%

32%

Figure 1. Age range of interviewed consumers.
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Figure 2. Number of family members in the surveyed homes.

152



Energies 2019, 12, 860

3.2. Effect of Refrigerator Age

From the 20 questions in the survey, seven are related to the refrigerator’s general characteristics,
like age and the amount of time the appliance has been in service since the consumer acquired it. The
age and the design of the refrigerator play an important role in the energy consumption, as well as in
the thermal behavior in the food compartments [17,22]. Modern refrigerators should be more efficient
in comparison with older models; they should even be less harmful to the environment, when referring
to the type of working fluid [16]. Table 1 shows the age of the refrigerators analyzed for this study.

Table 1. Age of the analyzed refrigerators.

Age Range
Time (years) 1-5 6-10 11-15 16-20 More than 20
Number of refrigerators 88 62 24 14 12
Percentage of refrigerators (%) 44 31 12 7 6

The table shows that 44% (88 refrigerators) of the consumers had a domestic refrigerator
with modern technology and a labeling in accordance with the Mexican regulation
NOM-015-ENER-2012 [23]. Additionally, the average age of the refrigerators was presented
as eight years, with a confidence interval (CI 95%: 7-9) and a statistical significance p = 0.026 (p <
0.05). Studies on the application of energy policies for the replacement of old domestic refrigerators for
newer and more efficient ones have shown interesting results for energy savings. It is suggested to
replace a refrigerator that has more than 10 years of service. Hence, Table 1 shows that 75% (1-10
years of service) of consumers have adequate refrigerators from an energy efficiency point of view.
Nevertheless, the usage habits can considerably affect this energy behavior. In Mexico, a campaign
was implemented in 2001 to encourage the consumers to change their refrigerator for a newer and
more efficient one. The results of this policy caused energy savings for 4.7 TWh/year, which represents
a 33% of the total yearly energy consumption in the domestic sector [24]. Therefore, it was concluded
that most of the participants’ refrigerators are recent models (refrigerators with less than 10 years of
service). The above mentioned is also related to this as a great part of the consumers were relatively
young, around 46% of the consumers were between 20 and 40 years old (see Figure 1). Finally, it
is worth noticing that a 13% (more than 16 years in service) of the consumers should change their
refrigerator for a new one.

3.3. Refrigerator Design

Another general characteristic related to the design of the refrigerator and important for the
energy is the defrost system, this is, whether it produces frost or not. The above is simply focused
on the comfort of the consumer and the energy consumption that represents a no-frost refrigerator
(automatic defrost). According to the results of this study, 80% of the consumers have a no-frost
refrigerator at home. This type of refrigerator does not generate frost because it has a thawing device
in the freezer, which is generally an electric resistance that through radiation heat transfer removes the
frost, which is a permeable coating of ice formed through the inner air humidity. It is worth mentioning
that this type of refrigerator consumes more energy, but based on the survey results, consumers prefer
them for comfort since it saves them the effort of defrosting it manually. Authors like Bansal et al. [25]
estimated that the refrigerators with an automatic defrost system represent an increment in the energy
consumption of around 17%. It should be stressed in the present study that all the refrigerators over
16 years in service (see Table 1) present a manual defrosting, and therefore they should theoretically
consume less energy. Nonetheless, because of the technology and the implications of their time in
service, these refrigerators should be upgraded. According to some studies new refrigerators consume
up to 60% less energy than older models for the same size and capacity after eight or more years of
use [26].
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On the other hand, the design of the magnetic seals in the refrigerator also plays an important role
in the energy consumption. They are located on the edges of the refrigerator compartments doors to
keep them close. Their usage and wear are caused by the frequency with which the doors are opened,
and in many occasions, it is due to the low-quality material with which they are made. If the seals are
in good conditions, the refrigerator doors must close hermetically, and they should not present heat
gains through them. Seventy percent of the refrigerators reviewed in the survey did not show a visual
wear in the seals, and therefore the consumers keep them in good conditions. Studies like the one from
Afonso and Castro [27] concluded that an old and damaged seal produces an increase in the energy
used by the compressor by 18.5%, when comparing this to a refrigerator with new seals. Thus, the
magnetic seals represent a maintenance opportunity that consumers must consider. Thirty percent of
the refrigerators reviewed showed damage seals, which could imply a major energy consumption.

Another functional and general characteristic related to the design of the refrigerator is the
dissipation of the heat absorbed from the food into the environment during the process of refrigeration.
This dissipation is achieved in the condenser, which is a device of major importance in the design of
the refrigerator because of its effect in its energy performance. Heat can be dissipated in two ways, the
first is through natural convection of the air and the second is through forced convection, which is
achieved using a fan. The latter increases the energy consumption in the refrigerator because of the
fan. According to survey results in this study, Figure 3 depicts the typical designs of the condensers
that the consumers have in their refrigerators. It is observed that 133 consumers have refrigerators in
their homes with heat dissipation through natural convection using a wire-on-tube plate condenser.
Nevertheless, the wire-on-tube plate condenser is more susceptible to accumulate dirt because of its
location, which could affect the heat dissipation, and therefore the energy consumption. Forty-eight
refrigerators dissipate the heat using a wire-on-tube coil condenser, this design of heat exchanger
requires a ventilation device which slightly increases the energy consumption. Finally, 19 consumers
have a refrigerator with a hot-wall condenser at home, which dissipates heat through air natural
convection. It is important to mention that most consumers with a hot-wall condenser thought their
refrigerator had a problem because of the hot lateral walls on their refrigerator.

3.4. Damper Position

The thermal condition for the storing of food depends on an appropriate distribution of the
temperature inside the compartments of the refrigerator, without forgetting the appropriate design
of the refrigeration system. Moreover, the thermal behavior is linked to the position of the damper
(control element) which controls the air flow and the temperature. Depending on the damper scale,
different positions can be selected. For example, some refrigerators are scaled with numbers from 1 to 9
(1 indicates high temperature, 5 medium, and 9 low), and some others are labeled as low, medium, and
high. In any of the cases, the position represents a thermal condition for the refrigerator compartments.
More sophisticated refrigerators have electronic controls (displays) where the consumer can set the
temperature of the compartments. Only 2% of the refrigerators evaluated in the survey present a
design of this type. In this study, the position of the damper was observed to predict the internal
temperature of the refrigerator. Figure 4 shows these usage habits from the consumers. It was clearly
observed that more than half of the consumers (113) keep their refrigerator in a medium position, this
probably means that the food compartment keeps a temperature of around 3 °C, while the freezer
must have an average temperature of —18 °C; refrigerators with a display are included here since their
temperatures were like those mentioned before. These conditions are the typical calibration stablished
by manufacturers in Mexico. Twenty-seven consumers adjust their damper in a low position, which
represents a high thermal condition in the refrigerator compartments, 7.2 °C in the food compartment
and —14.4 °C in the freezer. The rest of the consumers (60) keep their refrigerators in a high position,
which means that the refrigerator is in the coldest thermal condition, approximately 1.6 °C in the food
compartment and —21 °C in the freezer [16].
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Figure 4. Damper positions in the analyzed refrigerators.

Most of the consumers do not know the temperature that the damper positions represent, and
they prefer to keep the factory set position (position 5 or medium). The thermal conditions in the food
compartment based on the damper position for this study are very similar to the ones presented by
Geppert and Stamminger [18]. The authors reported that 66.3% of the users adjusted the temperature
of the food compartment at 3 °C, while the present study reports that a 56.5% of the consumers keep it
at position 5 (3 °C). In contrast, Derens-Bertheau et al. [28] found that the average temperature of food
inside the refrigerator was 6.3 °C; one of the possible causes in the thermal difference is the calibration
of the appliance and the location of the food inside the compartment. Lower temperatures in the
compartments imply a major consumption of energy. For example, Saidur et al. [14] reported that the
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energy consumption increases around 7.8% per each degree Celsius that the temperature is reduced in
the freezer. While Geppert and Stamminger [19] concluded that the energy consumption increases
with the decrease of the temperature, from 2 to 5% per each degree Celsius that the temperature
is reduced in the food compartment. Similar results were found by Hasanuzzaman et al. [20] with
increases of about 46 Wh/day per each degree Celsius that the temperature decreases in the freezer.
Hence, according to Figure 4, 30% of the users (60 consumers) are likely to be in a condition of higher
energy consumption due to the lower thermal conditions kept in the compartments of the refrigerator.

3.5. Door Opening

As is well known, the main purpose of the refrigerator is related to food preservation. Here the
consumer plays an especial role in refrigerator management. The frequency with which the consumer
opens the appliance doors to introduce or to withdraw food has an impact on the energy and thermal
consumption of the refrigerator. Therefore, the design of the survey considered the number of doors
each refrigerator has and the quantity of times these doors were opened. Based on the results from the
survey, 35% of the consumers have single-door refrigerators at home. This type of refrigerator usually
has the freezer integrated into the food compartment, and because of this, when the refrigerator door
is open, the freezer is exposed to an unfavorable thermal condition due to the room temperature which
is usually much higher than that of the freezer. The remaining 65% of consumers have two-door
refrigerators, which have a physical separation between both the compartments, and they are only
opened depending on the necessities of the consumers.

When a refrigerator door is opened, a heat gain is produced due to the heat transfer on the inner
surfaces of the refrigerator and the humid air exchange. Furthermore, radiation heat is transferred
from the surroundings to the refrigerator. This, along with an elongated time for the opening, causes
the compressor to start more frequently to keep the refrigerator inner temperature. In this context,
Rahman et al. [29] found a direct relation between the refrigerator temperature and the door opening
frequency. Also, Saidur et al. [14] performed an experimental study in which their results showed a
considerable influence on the energy consumption due to the door opening frequency, followed by the
room temperature from the location of the refrigerator.

Figure 5 depicts the quantity of times that the consumer opened the food compartment door,
including the single-door refrigerators. It should be noted that, for the consumer, this question was
difficult, as they are not often aware of how frequently they open the refrigerator doors. In view of the
above, the consumers were asked to count how often they open the refrigerator doors for a complete
day. With these results, it was concluded that 78 consumers open the doors from 21 to 40 times a
day. This represents 40% of the survey participants. While 54 consumers (27% of survey participants)
open the doors from 41 to 60 times, with an average opening of 43 times a day and an estimate of
the confidence interval of 95% (CI: 40—46), representing a level of statistical significance p = 0.021
(p < 0.05), which indicates that the door opening frequency is mostly concentrated in those ranges
for the domestic refrigerator use. In current studies and related to these results, Brennan et al. [30]
monitored domestic refrigerators to quantify the door opening frequency. The authors indicated that
the most frequent times that doors were opened was 60. Figure 5 shows that nine consumers open
doors as often as 100 times in a single day; most of these consumers are those who run a homemade
food business, where food circulation is constant in the refrigerator.
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Figure 5. Door opening frequency ranges in the food compartments.

Regarding the times that the freezer door is opened, Figure 6 shows this habit behavior. Note that
152 consumers (76% of total) seldom open the freezer, between 0 to 8 times. It is clear that the food
compartment door is open more frequently than the freezer door is, due to the type and amount of
food that is stored in those spaces.
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Figure 6. Door opening frequency ranges in the freezer compartment.

The different conditions for the door opening in a domestic refrigerator have been experimentally
studied. For example, Khan and Afroz [31] demonstrated that the energy consumption is clearly
increased up to 30%, depending on the door opening frequency in comparison with a refrigerator that
keeps its door close. The experimental results also show that the ON/OFF cycle of the compressor
increased between 2 to 5 times due to the increase in the door opening frequency, which finally caused
an increase in the energy consumption of the refrigeration system. Thus, the higher the door opening
frequency is, the higher the times the compressor cycle is started; this implies an increase in the energy
consumption. Most consumers expressed that they often open the refrigerator door inadvertently, or
they simply forget something when circulating the food.

3.6. Presence of Food Load

The correct operation of the refrigerator is linked to an adequate distribution of the temperature
and the air flow in the compartments. An appropriate temperature in the refrigerator could extend
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the food preservation [32], and it could also avoid the development of certain bacteria [33]. It was
mentioned before that the thermal behavior is related to the energy consumption of the refrigerator.
According to this, the consumer was asked about the practices he follows about the quantity of food
stored in the refrigerator. Figure 7 shows the food load conditions in the consumers’ refrigerator
compartments. The load for the food compartment is indicated in blue and in gray for the freezer.
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Figure 7. Food load in the refrigerator compartments.

Figure 7 shows that most of the consumers frequently keep a medium load in both compartments
of their refrigerator, this represents 51% of the refrigerators evaluated for the food compartment and
42% for the freezer. It could be concluded that this is the most popular use for the refrigerator. A high
number of consumers keep their refrigerator regularly full, i.e., they attempt to have a considerable
amount of food in both refrigerator compartments. Other consumers keep their refrigerator full all
the time; this means that a great quantity of food is always kept in the compartments. Finally, 12
consumers keep the food compartment regularly empty, and 56 keep the freezer empty. In this last
habits category, the consumer has scarce perishable food in both compartments. To better illustrate the
food load in the refrigerator, Figure 8 shows the aforementioned thermal load conditions. Under this
premise is how the analyzed refrigerators were classified for this study.

The quantity of food and its distribution in the compartments could increase their inner
temperature due to an inappropriate distribution of the air flow. This also depends on the refrigerator
design when referring to the distribution of the air conducts. In the literature, some studies have
analyzed the influence of the food load on the energy consumption in the refrigerator. One of the
conclusions is that the ON/OFF cycles in the compressor are longer and more frequent in a refrigerator
full of food than when it is empty.
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Figure 8. Thermal load evidence in both the refrigerator compartments.

This happens because the temperature rate of change in the refrigerator is related to the
thermal capacity of the food. Hasanuzzaman et al. [20] experimentally evaluated the influence
of the food thermal load on the energy consumption, concluding that a significant impact on the
energy consumption is observed. Geppert and Stamminger [19] concluded that an additional energy
consumption occurs during the food cooling stage. Once the desired temperature is reached, the food
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load does not considerably affect the energy consumption. It is important to mention that these results
may vary depending on the refrigerator design.

The inadequate usage habits of consumers with respect to the quantity of food in the
compartments could cause a major energy consumption. According to Figure 8 and based on what
was aforementioned, two situations are observed in which a major energy consumption is considered.
The first corresponds to the consumers that keep their refrigerator always full, and the second, to
those that have their refrigerator regularly empty. A better organization of the food enables a better
distribution of the air flow, adequate temperatures, and less energy consumption. Additionally, new
compartments designs are being produced with shorter spaces to access the food faster, and without
the need to open the complete refrigerator door. This improves and keeps the thermal conditions,
which manifest in a lesser energy consumption in the refrigerator.

3.7. Refrigerator Cleaning

It is well known that the refrigerator helps to extend the food preservation, and for this reason, one
of the usage habits of the consumers is related to the optimal cleaning conditions. An inappropriate
cleaning of the refrigerator compartments frequently causes the food to spoil, and moreover, it
enables the development and growth of bacteria and odors [34]. As part of the design of the survey,
a question was related to the cleaning frequency in the compartments and on the exterior of the
refrigerator. Although the main objective of this study is not the refrigerator cleaning, and its effects in
the development of certain bacteria, Figure 9 shows this maintenance habit to extend the information
about the consumers’ behavior. It was noticed that the consumers kept reasonable cleaning practices,
in which the compartments were cleaned every two weeks, monthly, or at least biannually. Only four
consumers (2%) cleaned their refrigerator compartments once a year.
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Figure 9. Cleaning frequency in the food compartments.

With respect to the external cleaning, this study highlights the cleaning related to the condenser.
Most of the domestic refrigerators analyzed use a wire-on-tube condenser as heat exchanger to dissipate
the absorbed heat during the food cooling process (see Figure 3). However, given the fact that a large
number of the consumers did not have a cleaning habit for this device, and did not even know its
function, the external dirt becomes excessive, mainly composed of dust, fluff, grease, etc. This caused
an incorrect operation in all the vapor compression systems, and most refrigerators are based on
this technology, since it limits the heat transfer into the environment [35]. For example, Hermes
and Melo [36], through the development of a dynamic model, evaluated the effect of the condenser
fouling, and they affirmed that this increases the energy consumption by 2%. Belman-Flores [37]
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experimentally found a variation in the temperature of the refrigerator compartments when comparing
a clean condenser with a dirty one. Figure 10 depicts a typical case of fouling found in most of the
reviewed refrigerators.

Figure 10. Typical fouling in a condenser.

Figure 11 shows the survey results regarding the condenser cleaning frequency. It was observed
that 154 consumers never cleaned the condenser (p < 0.01), which causes an inadequate performance
in the system, which was noticed in an increase in the energy consumption. Part of the reason for this
lack of cleanliness is due to the position of the refrigerator in a particularly enclosed space and the
little attention the consumer pays to the back of the appliance.
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Figure 11. External cleaning of the refrigerator (condenser).
3.8. Refrigerator Close to Heat Sources

Having the refrigerator close to a heat source can affect the temperature in the compartments
and increases the energy consumption. This increase is in a range of 0.9 a 1.3% as presented in the
work of Lepthien [38]. While conducting the survey, Lepthien paid special attention to the refrigerator
conditions and its location with respect to heat sources. For example, 23.5% of the consumers kept
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their refrigerator away from heat sources. This information is contrary to what other authors have
reported; for example, Laguerre et al., [39] reported that 70% of consumers have their refrigerators
away from heat sources. While Geppert and Stamminger [18] reported that 34.2% of consumers keep
their refrigerator near heat sources. In this study, 76.5% of the consumers have their refrigerator near a
heat source. This difference in the results found by other authors could be explained by the architecture
of the homes. In Mexico, housing constructions are built in a horizontal manner, and many homes have
their kitchen area in front of a gardening area, where it generally has a lot of windows that allow the
sunlight to have direct contact with the refrigerator. Moreover, inadequate spacing in kitchens causes
consumers to have their refrigerator near heat sources like a stove or a microwave oven. According to
the results in this study, Figure 12 shows the distribution of the main heat sources near the refrigerator.
The most common heat source near the refrigerator is a microwave oven. The next heat source is
when the refrigerator is directly exposed to sunlight through a window, which during several hours
of the day represents a continuous heat source. Other consumers have the stove extremely close to
the refrigerator, which is a heat source that provides a great quantity of energy to the refrigerator
because of its use, whether the burners and/or the oven. Another common habit of the consumers
was when they placed a television on top of the refrigerator. Finally, in some cases the consumer had
more than one heat source near the refrigerator, which represented 9% of the consumers. Figure 13
depicts evidence of heat sources near the refrigerator. Notice those relevant cases where the consumer
had three different nearby heat sources. These usage habits cause an incorrect performance in the
refrigerator. Nevertheless, most of them are heat sources used for short periods of time, yet influence
the refrigerator performance.

3.9. Preferences in the Purchase of a Refrigerator

Before acquiring a refrigerator, it is important to understand the needs of the family group. Thus,
the consumers were asked about their decision standards when buying a refrigerator. Figure 14 shows
the most popular decision standards followed by the consumers. The figure shows that 60 (30%) of
consumers made their decision to buy a refrigerator based on the energy savings concept, and the rest
for other reasons shown in the figure. Energy saving is an important point to consider, as it is necessary
to provide more information to the consumer on the importance of buying appliances with adequate
energy efficiencies. In Mexico, energy efficiency awareness programs related to refrigerators have been
disregarded. For example, campaigns encouraging the consumer to change their old refrigerator for a
new one have completely stopped.
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Figure 12. Typical heat sources near the refrigerator.
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Figure 13. Typical examples of heat sources near the refrigerator.
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Figure 14. Consumers’ decision standards for buying a domestic refrigerator.

Therefore, it was clear that for 60 consumers reducing energy consumption played a major role
when deciding to acquire a refrigerator. The refrigerator cost also played a crucial role for the consumer,
which frequently depended on the technology which was directly related to energy aspects. Itis a
little intriguing that size was not an important standard for the consumers when buying a refrigerator,
because, based on the survey, around 45% of the consumers claim that their refrigerator was not
adequate for their needs. The possible explanation is that the members of the nuclear family extended,
or on the contrary, they diminished, and therefore, the size of the refrigerator became inappropriate
with respect to their initial needs. This can influence energy consumption due to the aforementioned
food load. The brand was another important aspect for the consumer according to the survey. Table 2
shows the refrigerator brand that consumers have at home. It was observed that the refrigerators
produced by Mabe were the most popular, followed by Whirlpool, LG, and Daewoo, among other
brands. It is important to highlight that Mabe has its main refrigerator factory located in the State
of Guanajuato, which encourages a high consumption of domestic appliances in the region and this
tendency is like the one reported by other authors on a national level [24].

Table 2. Most popular refrigerator brands in the surveyed homes.

Brand Refrigerators
Mabe 64
Whirlpool 41
LG 22
Daewoo 16
Samsung 12
Kenmore 11
Frigidaire 10
Koblenz 8
Singer 8
Supermatic 8

3.10. Remarks

The results shown in the previous sections clearly exemplify the main refrigerator usage habits of
consumers. Itis important to stress that the usage habits considerably influenced the refrigerator energy
consumption. According to the results presented in this article, it is concluded that the consumers
in this region of Mexico perform an adequate practice in some usage habits. However, for the ones
remaining, a great percentage of consumers place their refrigerator near heat sources, which may cause
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the refrigerator to malfunction. Another inadequate habit is related to the position of the damper,
which must be set by the consumer according to the food load or the required thermal condition in
the compartments. Another point to highlight is that the consumer must be better informed when
buying a refrigerator. The refrigerator must be adequate for the number of family members living at
home and the quantity of food they handle. The lack of cleaning of the heat exchanger equipment, like
the typical condenser in the evaluated refrigerators, is another of the habits that causes inadequate
thermal conditions in the refrigerator compartments, and therefore inadequate energy consumption.
Finally, the food load greatly affects the energy consumption in the refrigerator. However, according
to the results in this paper, almost half of the consumers maintained their refrigerators with a proper
thermal load.

Therefore, it is necessary to diffuse the most adequate usage habits for the refrigerator through the
establishment of government or refrigerator manufacturer programs. With this, a sustainable appliance
would be achieved/projected through its technology and its use. In this sense, it is expected that
manufacturers also commit to the use of refrigerants with low global warming potential [16,40], as it
has been pronounced in the Kigali Amendment, which came into effect as of January 2019 [41]. Finally,
it is important to mention that the results presented in this paper may be different for consumers from
other states in Mexico. Nevertheless, this study is a basis to deepen understanding of the usage habits,
and with this, encourage a culture of adequate practices on the usage of refrigerators.

4. Conclusions

This article has presented the behaviors of the main domestic refrigerator usage habits of
consumers and their influence on energy consumption. Among the main usage habits discussed
in this study, based on a survey, were: the refrigerator age, door opening frequency, damper position,
food load, external and internal cleaning, and the nearby sources of heat. The findings indicate
that consumers have little knowledge on how refrigerator usage habits affect their appliance energy
consumption. Inadequate behaviors were shown during the handling of the food, and this probably
caused an increase in energy consumption. This type of study should provide recommendations
through manufacturers, which should provide guidance to consumers on better usage practices for
this appliance, either through user manuals or signage for use outside or inside the refrigerator.
Additionally, dissemination actions could be implemented on energy savings in homes through radio
or television campaigns by the federal government. Another possibility would be locally through
social service by university students who campaign in homes about the habits surrounding the use
and their effects on energy consumption. Most consumers agreed in receiving this kind of orientation
and adopting proposals to upgrade their old refrigerators.

Finally, when attempting to achieve a decrease in refrigerator energy consumption and more
efficient designs, it is important to know and understand more widely the behavior of the usage habits
of consumers. Therefore, presenting the main results of this study is relevant.
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Appendix A

SURVEY (Common usage for the domestic refrigerator)
Refrigerator brand
How long have you had your refrigerator? age
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How many doors does the refrigerator have? One Two Three
How many family members have access to the refrigerator?
Do you know what’s the recommended temperature for the refrigerator compartments?

No Yes Freezer Freshfood compartment
Does your refrigerator generate frost? (do you unplug your refrigerator to defrost it? Yes_ No__
How often do you clean your refrigerator?

Inside: _____ Outside (front, doors): ____ Outside (condenser):

Do you unplug your refrigerator to clean it in the inside? Yes_ No

Approximately, how often do you open the refrigerator a day?  FF (fresh food
compartment)__ FZ (freezer)

Do you ever store hot/warm food in the refrigerator? No ___ Yes ___ (How frequently?) ___

Do you defrost your frozen food in the food compartment? Yes No__

Heat sources near the refrigerator

Window __ Stove_ Oven___ Television____  Others

How full do you keep your refrigerator regularly (thermal load)?

- Food compartment: Very full__Full___ Regularly full__ Empty most of the time _____

-Freezer: Very full__ Full___ Regularly full  Empty most of the time

Do you consider the refrigerator size adequate for your needs? Yes__ No__

If you bought a refrigerator now, how would you make that decision? According to:

Price_ Size_  Looks___ Energysaving__ Brand
How often do you acquire (buy) a refrigerator?

Surveyor:

Visual wear of the refrigerator seals

What's the damper position? Low___ Medium __ High _ . Number indicated
Mechanical or digital

What type of condenser is in the refrigerator? Plate_ Espiral___ Hotwall___

Size of the refrigerator: Big_ Medium __ Small _

General observations:
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