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Abstract

A desiccant dehumidification system with air can be driven by low grade (<80 °C) waste heat. In
this paper, which is based on experimental data, the air flow at the outlet of the gas cooler of a
trans-critical cycle is forced through a desiccant wheel regenerated by the air flow itself. The hybrid
trans-critical refrigerator-desiccant system improves COP by approximately 77% as compared to a
classical transcritical. The economical analysis suggests that the investment return-time is
acceptable (lower than about 8 years) only at ambient temperature exceeding 35 °C. The ecological
analysis indicates that the TEWI of the classical transcritical cycle exceeds that of the hybrid system,

by approximately 60%.
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1. Introduction
Over the last decades, the refrigeration, air conditioning and heat pump industry has been forced to undergo

major changes, because of severe restrictions on refrigerant fluids.

The traditional refrigerants, i.e. ChloroFluoroCarbon (CFCs) and HydroChloroFluoroCarbon (HCFCs) fluids,
were banned by the Montreal Protocol because of their contribution to the disruption of the stratospheric
ozone layer. The HydroFluoroCarbon (HFCs) refrigerants that were expected to be acceptable permanent
replacement are now on the list of regulated substances due to their impact on climate change. Indeed,
according to the Kyoto Protocol, most HFCs have large Global Warming Potentials (GWPs) and, therefore

provide a relevant, direct contribution to global warming when leaked to the atmosphere.

Considerable research effort was devoted to the development of environmentally-safe refrigeration systems,
using natural working fluids. CO2, was considered as a promising alternative of HFCs. Indeed, Carbon dioxide
is a component of the atmosphere, obtained from air itself by fractionation. Thus, it would have no impact on

global warming, apart from for the energy consumption associated with the fractionation process.



CO2 has many excellent advantages in engineering applications, such as no toxicity, no inflammability, higher
volumetric capacity enabling compact systems, lower pressure ratio, better heat transfer properties,
complete compatibility with normal lubricants, easy availability, lower price and no recycling problems [1],
[2], [3]. The critical temperature of CO2 (31.1 °C) is usually lower than typical heat rejection temperatures of
air-conditioning and heat pump systems. This results in a trans-critical vapour compression cycle in lieu of a

conventional one in water heating and comfort cooling and heating.

The performance of trans-critical CO2 cooling system, however, is lower than that of conventional air-
conditioners, due to large expansion losses and high irreversibility during the gas-cooling process [4].
Therefore, many researchers analyzed the performance of the trans-critical CO2 refrigeration cycle, in order

to identify opportunities to improve the energy efficiency of the system [5], [6], [7].

Among the improvement methods, many researchers analyzed the effect of an internal heat exchanger (IHX)
to reduce throttling losses. Indeed, the discharge pressure that optimizes the COP is lower when the IHX is
present. The data available in literature show a COP increase of around 10% [8], [9], [10], [11], [12], [13].

Further improvements to system performance in reducing expansion losses, are achieved by extracting and
making use of the potentially available work, by means of an expander. Therefore, several authors analysed
this possibility [14], [15], [16], [17], [18].

The performance deterioration of a basic, single-stage CO2 cycle can be improved using a multi-stage

compressor and inter-cooling of liquid and vapour refrigerant [19], [20], [21], [22], [23].

To improve the COP of the cycle, an ejector can be used in place of a throttling valve to recover some of the

kinetic energy of the expansion process [24], [25], [26], [27], [28].

In this paper, a hybrid trans-critical refrigerator-desiccant wheel system was analyzed, in order to improve

cycle performance.

Desiccant cooling consists in dehumidifying an air stream by forcing it through a desiccant material thus drying
it to the desired indoor temperature. To afford continuous system performance, the adsorbed/absorbed
vapour must be driven out the desiccant material (regeneration), so that it is dried enough to adsorbed water
vapour in the next cycle [29], [30], [31], [32]. This process is carried out by heating the desiccant material to
its regeneration temperature. The latter depends upon the nature of the desiccant used. For the last-
generation desiccant materials, this temperature is within the range 50-75 °C, thus allowing the use of the air

flow at the outlet of the gas cooler of the trans-critical cycle.
The study of the hybrid system discussed in this work is based on experimental data carried out with a
prototype R744 system working as a classical split-system to cool air in a trans-critical cycle coupled with a

desiccant cooling system.

2. The desiccant cooling



Desiccant cooling is based on air dehumidification by means of a desiccant substance (liquid or solid), and on
its subsequent cooling. The desiccant cooling system consists in three main components: the regeneration
heat source, the dehumidifier (desiccant material), and the cooling unit. The core of the system is the
dehumidifier. Commonly used desiccant materials are: lithium chloride, triethylene glycol, silica gel,
aluminium silicates, aluminium oxides, lithium bromide solution, etc. [33], [34]. Solid desiccant are compact,
less subject to corrosion and carryover. A typical arrangement of a solid material is a slowly rotating wheel
(6-30 revolutions/h) impregnated or coated with the desiccant, part of which intercepts the incoming air

stream, while the rest is being regenerated.

The cooling unit can be the evaporator of a traditional air conditioner, an evaporative cooler or a cold coil.
The regeneration heat source supplies the thermal energy necessary for driving out the moisture uptaken in

the sorption phase. In this study is the hot air flow at the gas cooler outlet [35], [36], [37], [38].

The performance of a system based on desiccant cooling is represented by the psychometric chart in Fig. 1.
The outdoor air stream at the state 1 is passed through rotary desiccant wheel. Its moisture is partly but
significantly adsorbed by the desiccant material. The heat of adsorption elevates the temperature of the
latter, so that a warm and quite dry air exits at state 2. The air stream is then cooled in a regenerative heat
exchanger from the state 2 to state 3, and then in an evaporative cooler from state 3 to state 4. At this stage,

the air is supplied to the air-conditioned volume.
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Fig. 1. Psychometric chart illustrating the transformations of a desiccant cooling system.

The air flow returned from latter is at the state 5. An evaporative cooler is used to cool down the return air
from state 5 to state 6 and the cold air stream serves as heat sink to cool the supply air in the regenerative

heat exchanger. Consequently, its temperature rises at the state 7. At this point, the air undergoes a



complementary heating (7-8) to rich a high enough temperature as to enable the desiccant material
regeneration (8-9). The regeneration heat can be supplied by free energy sources, e.g. by the air flow at the

gas cooler exit .

3. The experimental transcritical cycle

Fig. 2 shows a sketch of the experimental transcritical cycle. Basically, there are two single-stage hermetic
reciprocating compressors, an oil separator, an air gas-cooler, a liquid capacity, an air evaporator, an
electronic expansion valve (EEV) and an electronically regulated back pressure valve (BPV) [39], [40], [41]. As
regards the semi-hermetic main compressor, at an evaporation temperature of 5 °C and a gas-cooler exit
temperature of 30 °C, at 80 bar, the refrigerating power is about 3000 W. An internal heat exchanger (IHX) is
installed between the compressor suction and the exit of the gas-cooler. The lamination takes place by a back
pressure valve and to the electronic expansion one. An auxiliary circuit by-passing the back-pressure valve is
provide, in order to regulate the evaporation temperature. Some modulated electrical resistances, located in
a thermally insulated channel where the air flows by means of a blower, enable the regulation of the

temperature on the condenser and the simulation of external conditions.
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Fig. 2. A sketch of the transcritical cycle.

The plant is fully instrumented to evaluate the overall performances of the whole plant and those of each
individual component. Carbon dioxide pressure and temperature are measured at the inlet and at the outlet
of each device. The working fluid mass flow rate is monitored at the main compressor suction. Table 1

summarizes all the characteristics of the plant instrumentation.



Table 1. Transcritical cycle transducers specifications.

Variable Transducer Uncertainty Range
Temperature Resistance thermometers Pt 100 +0.15 °C —200-650 °C
Pressure Piezoelectric +0.8% F.S. 0-100 bar
Mass flow rate Coriolis effect +0.2% 0-100 g/s
Electric Power Wattmeter +0.2% 0.5-6 kW

The Coefficient of Performance is evaluated as:

COP — m(hout,e‘;/_hin,eV) — QV;;/ (1)

4. The hybrid desiccant cooling-transcritical cycle

The setup for the desiccant cooling integrated with the transcritical cycle is shown schematically in Fig. 3. The
return air incoming from the conditioned ambient flows through the evaporative cooling and then through
the regenerative heat exchanger. At this point, it undergoes a complementary heating by the hot air flow at

the gas cooler exit, in order to rich a sufficient temperature, as to regenerate the desiccant wheel [42].
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Fig. 3. A schematic of the hybrid desiccant cooling-transcritical cycle.

The outside air is dehumidified in the desiccant wheel. The heat of adsorption increases the air
temperature. The air stream is subsequently cooled in the regenerative heat exchanger and then
in the evaporative cooler. At this stage, the air is supplied to the ambient, upon cooling by the
evaporator of the transcritical cycle.

The outside air volumetric flow rate of the experimental plant is 800 m3/h and the desiccant
wheel used is the RC 0.6/1.5 (600 mm diameter). The desiccant material used in the desiccant



wheel is silica gel. The external air temperature is evaluated with a resistance thermometer with
an accuracy of £0.15 °C. The air flow temperature and humidity measurements are carried out
both at the inlet and at the outlet of the evaporator, at the inlet and at the outlet of the desiccant
wheel and at the outlet of the desiccant cooling system. Air velocity is measured at the inlet of the
evaporator channel and at the inlet of the desiccant wheel. The air velocity is measured with an
Annubar Pitot device with an accuracy of +1%; the air relative humidity is determined with a
Peltier effect device with an accuracy of +1%.

The Moisture Removal Capacity (MRC) of the desiccant wheel is defined as the mass flow rate of
moisture removed by the wheel:

MRC = Vaif P1 (w1 - (JJQ) (2)

The Coefficient of Performance COPhyb of the hybrid desiccant cooling-transcritical cycle system is
evaluated as:
- Qev+Qua (3)

COPyy1, = Ev

where is the thermal power related to air dehumidification and is evaluated as (according to Fig.
1):

Qair,d = 7:n’ail'(h’5 - h4) (4)

Quir,d is the thermal power supplied for the regeneration process. In the hybrid system. this
contribution is nil, since this power can be taken from the hot air flow at the gas cooler exit and
therefore this contribution is equal to zero.

5. Experimental uncertainty

All tests are carried at steady-state conditions. Temperature and pressure values in key points of
the plant were continuously monitored, in order to check the achievement of steady-state
conditions.

Usually, the start up requires about 1 h for both plants. Steady state conditions are assumed to
hold when the deviations of the controlled values from their corresponding mean values are lower
than 0.5 °C for temperatures and 50 kPa for pressures. At this stage, the test started and the
logging of data with 0.5 Hz acquisition frequency was performed on all channels for 60 s. For each
channel, the 120 samples recorded were averaged. Each sample was checked against the
corresponding mean value and it was rejected if it did not lay within the fixed range. If more than
5% of the samples were rejected, the whole test is discarded. Each test was iterated three times,
in order to check reproducibility.

A personal computer connected with a data acquisition system, consisting of a controller, a
channel scanner, and a multimeter was used to record the measurement data.

The data from the present study were classified as single sample. The uncertainty of each
measured quantity consisted mainly of: uncertainty of the measurement device, uncertainty of
the data-acquisition system, examination of system-sensor interaction errors, system disturbance
errors.



A personal computer connected with a data acquisition system, consisting of a controller, a
channel scanner, and a multimeter was used to record the measurement data.

In Table 2 uncertainties affecting each measured variable are estimated on the basis of the sensor
error. The accuracy of all variables that are not accessible to direct measurement is estimated on
the basis of error propagation method suggested by Moffat [43]. The data from the present study
were classified as single sample. The uncertainty of each measured quantity consisted mainly of:
uncertainty of the measurement device, uncertainty of the data-acquisition system, examination
of system-sensor interaction errors, system disturbance errors.

Table 2. Uncertainties of experimental parameters.

Variable Uncertainty (%)
COP +3.8
MRC +2.3
COPuys +4.4

6. Experimental results

Fig. 4 reports experimental MRC values, as a function of the regeneration air temperature. The
measured volumetric air flow rate is 800 m3/h, with an inlet temperature of 32 °C and a relative
humidity of 15 g/kg. The Fig. clearly shows that MRC increases with the regenerating air
temperature.
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Fig. 4. MRC as a function of the regeneration air temperature, at V=800 m3/h, Tair, inlet =32 °C,
wair,inlet = 15 g/kg.

Three different sets of tests were carried out at different ambient temperatures (25, 30 and 35 °C,
respectively) by modulating the electrical resistances at the inlet of the gas cooler air channel. All
sets consist in five runs at different heat rejection pressure, as showed in Table 3.



Table 3. Experimental tests conditions.

Tuws (°C) Poec (bar) B
25 80.3 2.2
81.4 2.3
84.7 24
91.6 2.5
93.0 2.6
30 86.9 2.2
87.3 2.3
90.5 2.4
93.7 2.5
98.1 2.6
35 89.2 2.3
91.5 2.4
96.2 2.5
98.2 2.6
101.0 2.7

In Fig. 5, Fig. 6, Fig. 7 the COP, the refrigerant power and the compression power of the
transcritical cycle are been reported as a function of the compression ratio, at three different
external temperature conditions. The figures clearly indicate that, by increasing the pressure at
gas cooler outlet, both the compression and the refrigeration power increase with a different
slope. The COP increases until the difference between change in slope of the refrigeration and of
the compression power is positive, whereas the COP decreases as soon as the slope difference
becomes negative. Therefore, for each ambient temperature, there is an optimal compression
ratio that maximizes the COP.
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Fig. 5. COP, refrigerant power and compression power of the transcritical cycle as a function of the
compression ratio at Tamb = 25 °C.
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Fig. 6. COP, refrigerant power and compression power of the transcritical cycle as a function of the

compression ratio at Tamb = 30 °C.
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Fig. 7. COP, refrigerant power and compression power of the transcritical cycle as a function of the
compression ratio at Tamb = 35 °C.

At any given compression ratio, the COP increases with decreasing ambient temperature. Indeed,
with the decrease of the ambient temperature, the temperature of the CO2 at the gas cooler
outlet decreases, as well. This leads to an increase in the enthalpy at the evaporator inlet and
therefore to an increase of the refrigerant power at almost constant compression power.

In Fig. 8, COPhyb of the hybrid desiccant cooling-transcritical cycle system is reported, for the
different ambient temperatures, as a function of the compression ratio. The figure clearly shows
that, for each ambient temperature, there is a compression ratio that maximizing the
performances of the hybrid system.
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Fig. 8. COP the hybrid desiccant cooling-transcritical cycle systems as a function of the
compression ratio at three different Tamb.

The COP of the hybrid system is greater than that of the simple transcritical system by a minimum
of +62 to maximum of +97%, with a mean value of +77%. The maximum values correspond to the
higher ambient temperature (i.e. 35 °C). Thus, increasing the ambient temperature increases the
advantage in using the hybrid system, as well. Indeed, the Moisture Removal Capacity of the
desiccant wheel increases with the regenerating air temperature together with the thermal power
related to air dehumidification.

7. Economic analysis
Economic analysis of an investment is a prerequisite in order to determine the economic feasibility
of the project.

In this analysis, the investment successfulness is evaluated in terms of investment return time, i.e.
of Simple Pay Back Period:
_ AC
SPB = AC (°)

where AC is the difference between cost of the traditional system and the proposed one; ACl is
the annual energy cost savings of the proposed system.

One of the major disadvantages of simple payback period is that it ignores the time value of
money. To counter this limitation, an alternative procedure called discounted payback period may
be followed, which accounts for time value of money, by discounting the cash inflows of the
project.

In Discounted Pay Back Period (DPB) the present value of each cash inflow has to be calculated
taking the start of the first period as zero point. For this purpose, a suitable discount rate has to be
set. The Discounted Cash Inflow for each period is to be calculated by the

_ Actual Cash Inflow
DCI — Actual Cash (©)

where i is the discount rate, n is the period to which the cash inflow relates. The rest of the
procedure is similar to the calculation of SPB except that we have to use the discounted cash
flows, as calculated above, instead of actual cash flows. In this analysis, a 5% discount rate was
assumed.



In the present analysis, a comparison between a simple transcritical cycle and a hybrid desiccant-
transcritical system was carried out.

The costs of the desiccant cooling system are reported in Table 4. The cost of the hybrid system is
the sum of the cost of the desiccant system and of the transcritical cycle. The cost of the
traditional system is that of a transcritical cycle with a refrigerant load of Q_ev + Q_ad. The
transcritical cycle is a prototype; the cost cannot be predetermined and therefore, in the present
analysis, it is considered as a variable.

Table 4. Desiccant cooling system costs.

Component Cost (€)
Desiccant wheel 3450
Rotative heat exchanger 450

Air filter 184.01
Speed regulator air fan 21.79
Humidifier with electronic valve 282.82
Discharge air grid 183.88
Return air grid 138.97
Total 4711.5

The annual electrical energy savings of the hybrid system depends on the price of electrical
energy. Fig. 9 shows the yearly pattern of electricity price in Italy. The mean value of electrical
energy in 2013 in Italy was 0.19035 €/kWh.

Price of electrical energy (€/kWh)

0 i i L
2004 2006 2008 2010 2012 2014
Year

Fig. 9. Yearly pattern of electricity price in Italy.

The annual electrical energy with the hybrid system as a function of the compression ratio at the
different ambient temperature is reported in Fig. 10. The figure clearly shows that, for each
compression ratio, the annual saving is maximum at the maximum ambient temperature (i.e. 35
°C). Indeed, the Moisture Removal Capacity of the desiccant wheel increases with the
regenerating air temperature. At fixed given external air temperature there is a compression ratio
that maximizes the annual savings of the hybrid system.
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Fig. 10. Annual energy savings of the hybrid system as a function of the compression ratio at three
different Tamb.

In Fig. 11, Fig. 12, Fig. 13 are reported SPB and DPB as a function of the transcritical cycle cost at
25, 30, and 35 °C ambient temperature, respectively. For each external ambient temperature, the
indexes were evaluated for maximum, yearly, electrical energy savings. It is quite obvious that
both SPB and DPB decrease with increasing transcritical cycle cost. The scenario with an external
ambient temperature of 35 °C is the most favourable, since the investment return is lower.
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Fig. 11. SPB and DPB as a function of transcritical cycle cost at Tamb = 25 °C.
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Fig. 12. SPB and DPB as a function of transcritical cycle cost at Tamb = 30 °C.
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Fig. 13. SPB and DPB as a function of transcritical cycle cost at Tamb = 35 °C.

The reference cost for the transcritical cycle is that of a classical vapour compression plant
working in the same operating conditions with R410A as a refrigerant fluid (Daikin); i.e. 3000 €. For
a transcritical cycle cost exceeding 3000 €, SPB is lower than 9.4, 8.5, and 6.7, respectively, for an
ambient temperature of 25, 30, and 35 °C; whereas DPB is less than 13, 11, and 8.4, respectively.

8. Ecological analysis
In this paragraph an ecological analysis of the hybrid system is afforded.

The effect of refrigerant plants on ambient are related to global warming. Vapour compression
plants yield both a direct and an indirect contribution to global warming. The former depends on
the GWP of refrigerant fluids and on the fraction of refrigerant charge released in the atmosphere
during operation and maintenance, or which is not recovered when the system is scrapped. For
CO2 GWP is equal to 1 and, therefore, the direct effect is negligible as compared to the indirect
one. The indirect contribution is energy-related. Indeed, a vapour compression refrigerator



requires electrical energy produced by a power plant that typically burns a fossil fuel, thus
releasing CO2 in the atmosphere. The amount of released CO2 is a strong function of the COP of
the vapour compression plant, of the power plant efficiency and of the fuel used in the conversion
plant that affect the emissions per unit energy converted. The typical power-plant technology
adopted varies from one country to another. The literature provides some indicative, average
levels of CO2 release per KWh of electrical energy for various countries. For Italy, the value is 0.59
kg CO2/kWhe.

TEWI is the sum of the direct contribution of the greenhouse gases used to make or operate the
systems and the indirect contribution of carbon dioxide emissions resulting from the energy

required to run the systems over their normal lifetimes [44].

The TEWI is calculated as:

TEWI = COZ,dir + COQ,indir (kg COQ) (7)
COsax = RC-py, - V-GWP (kg CO,)

CO?,indir = Q- % -H-V (kg CO2)

As already stated, the indirect contribution to TEWI consists in the so-called energy-related
contribution [45], [46], [47].

Table 5 reports the parameters adopted for the TEWI evaluation.

Table 5. Parameters in TEWI evaluation.

Parameter Value

H 918 h

PL 10% year

V 1 year

a 0.59 kg CO/kWh.

In Fig. 14, Fig. 15, Fig. 16 the TEWI of the hybrid system and that of the transcritical cycle are
reported as a function of the compression ratio at 25, 30, and 35 °C external temperature,
respectively. The figures clearly show that TEWI of the classical transcritical cycle is always higher
than that of the hybrid system. The difference increases with ambient temperature and ranges
between the +38 and +99%.
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ratio at Tamb =25 °C.

2000 — : - - e

1800 [reeensenssassbenasnnsas ®  hybrid evaisassannannas -
: : ¢ classical transcritical

1600 fre-vmveeeeees , .............. , .............. R . .............. foaeresnesese -

1400 fomemeeeens emecenesennens Feosnninnnae Preccsozease e I -3

TEWI (kgCO, /year))

1200 freeeesroneenss ............. .............. e ............. g =

Fig. 15. TEWI of the transcritical cycle and of the hybrid system as a function of the compression
ratio at Tamb =30 °C.

2400 T T T T

v 1) || T — O B s e S 1 SRR £ IR A -

3 H : & Classical Transcritical 1
2000 feevesesnennianan beasrnsnsinnanns oees ® hybeid [ —

i busgrees RS AESTE. SN i

[0 1] SuS—— fromeeasnasnnas Fereeeeriesienans fomremenienasens oo <]

TEWI (kg CO, /year)

i Rz B L— ks ERERRE ]

[Te1) ) ESe— SOOI, O | A e [ I—

10X

Fig. 16. TEWI of the transcritical cycle and of the hybrid system as a function of the compression
ratio at Tamb =35 °C.



9. Conclusions

CO,, was considered as a promising alternative of HFCs. The critical temperature of CO2 (31.1 °C)
is usually lower than typical heat rejection temperatures of air-conditioning and heat pump
systems. This results in a trans-critical vapour compression cycle. The performance of a trans-
critical CO2 cooling system, however, is lower than that of conventional air-conditioners, due to
large expansion losses and high irreversibility during the gas-cooling process. In this paper a hybrid
trans-critical refrigerator-desiccant wheel system was analyzed, in order to improve the cycle
performances.

In this system, the air flow at the outlet of the gas cooler of the trans-critical cycle is used to bring
the desiccant material up to its regeneration temperature. The study of the hybrid system is based
on experimental data. The experimental tests discussed in this study are carried out with a
prototype R744 system working as a classical split-system to cool air in a trans-critical cycle.

On the basis of an energetic, economic, ecological analyses the following conclusions can be
drawn:

* The COP of the hybrid system is greater than that of the simple transcritical system by a
minimum of +62 up to maximum of +97%, with a mean value of +77%. The maximum values
correspond to the highest ambient temperature (i.e. 35 °C).

¢ The economic analysis shows that the scenario with an external ambient temperature of 35 °C is
the most favourable, since the investment return time is lower than about 8 years.

¢ The ecological analysis indicates that the TEWI of a classical transcritical cycle is always higher
than that of the hybrid system. The difference increases with the ambient temperature and ranges
between the +38% and +99%.
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