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ABSTRACT

The development of sustainable energy technologies must be a priority given the rising global
energy demand and global warming gases emission. In this work, the energy evaluation of a
small-capacity direct-current refrigerator with internal heat exchange using R600a, R290, R717,
and R134a as a base case, for autonomous solar refrigeration, is discussed. A thermodynamic
model was developed to assess a 200 W refrigerator performance at evaporation temperatures of
-32/-10 °C, condensation temperatures of 35/46 °C, and different internal heat exchanger
effectiveness values while considering the environmental conditions in the city of Barranquilla
whose metropolitan and urban area presents a great potential for solar refrigeration. Results
showed that the R290 system coefficient of performance was up to 2.6% higher than that of the
R134a. The R600a system coefficient of performance was up to 2.7% higher than that of the
R134a, but only under the most favourable conditions. The R717 system surpassed the
compressor discharge temperature limits so it was found unsuitable for the present application.
Moreover, the internal heat exchanger was found beneficial to reduce the exergy destruction in
the compressor and expansion valve but increased that in the condenser for R134a, R600a, and
R290. The internal heat exchanger recommended effectiveness should be around 0.4 for R600a
or 0.3 for R290 at an evaporation temperature of -32 °C. For an evaporation temperature of -10
°C, the IHX effectiveness can be up to 0.5 for both R600a and R290. Finally, the maximum
power consumption of the solar R290 refrigeration system was estimated around 4.08 kWh and
2.28 kWh at evaporation temperatures of -32 °C and -10 °C, respectively, which could be
covered by a solar panel area of 3.76 m? y 2.10 m? respectively, while similar values were
obtained for the solar R600a refrigeration system.
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INTRODUCTION

The development of sustainable energy technologies must be a priority in a world where
global energy consumption keeps increasing steadily as well as the global population and
comfort standards. The refrigeration sector, which contributes significantly to the global
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energy demand, consumes around 20% of the electrical energy used globally and generates
around 7.8% of the total global warming gases |[1]. Moreover, global warming emissions
produced by the refrigeration sector are related to energy consumption and refrigerant gas leaks.
While the direct global warming emissions due to gas leaks account for 37% of the total global
warming gases from refrigeration systems, the indirect global warming emissions due to the
electrical energy consumption of the refrigeration units are around 63% [1]. Therefore, it is
important to look for refrigeration solutions that use eco-friendly refrigerants and can be driven
by renewable energies. This appears as a great opportunity for the development of sustainable
and environmentally friendly energy technologies.

Commercial refrigeration systems provide adequate temperatures for the conservation of
different edible products. It includes the freezing and preservation of food in retail stores and
supermarkets, where around half of the energy consumed is related to refrigeration units [2].
Moreover, the characteristics of the refrigerant used in refrigeration systems are key to their
performance. Studies available dealing with the evaluation of natural or low global warming
potential (GWP) refrigerants follow a rising trend in the open literature given the
environmental challenges that humanity faces [3]. Studies related to the use of low GWP
refrigerants are mainly focused on commercial refrigeration. According to the results in the
literature, a refrigeration system using R430A provided a COP about 2.6-7.5% higher than that
with R134a at evaporation temperatures between 0 °C and -30 °C [4]. Also, a refrigeration
system using R513A was found to provide higher cooling capacity and require lower power
consumption than that of the R134a [5, 6], whereas R1234ze(E) [7. 8], and R450A [8, 9]
overcame the performance of the R134a just after using an internal heat exchanger (IHX).
Moreover, refrigeration systems using R448A [10], R454C [11], and R455A [11] were found
to provide slightly higher COP than that of R404C but with a significantly lower GWP.
Additionally, studies have also demonstrated the effectiveness of using an IHX to improve the
refrigeration system performance using the mentioned refrigerants, even though the discharge
temperature can get close to or surpass the operation limits [8]. The effect of the IHX can be
beneficial or detrimental depending on the thermodynamic properties of the fluid used, mainly
the vapour heat capacity, and the operating conditions of the system [12, 13]. Therefore, its
benefit must be quantified for each refrigerant at the required operating conditions.

Despite the increasing research on low GWP, it is highlighted that ecological or natural
refrigerants are called to be the final solution to replace traditionally used refrigerants [14—16].
Studies using natural refrigerants in refrigeration systems are on a rise given an increasing
preference for them. Kabul ef al. [17] presented the effect of evaporation (0 °C to -15 °C) and
condensation temperature (30 °C to 60 °C) on the performance of an R600a refrigeration
system. In this case, the COP, exergetic efficiency, and total irreversibilities were used as
performance indicators while the compressor efficiency was set constant. The main
conclusions were related to the rise in the system efficiency by reducing the temperature of
condensation and increasing the temperature of evaporation.

Bayrakci and Ozgur [18] provided an exergetic analysis of a refrigeration unit using R290,
R600a, R600, and R1270. The authors reported the effect of the condensation temperature
(30 °C to 50 °C) and evaporation temperature (-5 °C to -25 °C) on the system performance and
recommended the use of R1270 or R600 instead of the conventional refrigerants. De Paula |3,
19] reported the energy and exergy analysis of a basic vapour compression refrigerator using
R290, R1234yf, R744, and R600a, to produce chilled water. In this study, the temperature of
evaporation was varied from -5 °C to -3 °C whereas the temperature of condensation was
varied from 45 °C to 50 °C. Results indicated that R290 outperformed the other studied
refrigerants in terms of energy and exergy efficiency at a temperature of evaporation of -3 °C
and a temperature of condensation of 45 °C. Also, R600 and a blend of R290/R600a have been
recommended for ejector refrigeration systems in comparison to traditionally used refrigerants
[20, 21]. However, pure refrigerants are preferred to refrigerant blends due to the
concentration changes occurring after leaks.



Ghanbarpour [22] presented the performance of various AC vapour refrigeration system
configurations, including an IHX and vapour injection, using R290, R600a, and R1290. In this
study, the temperature of evaporation was set to -5 °C and the temperature of condensation was
set to 35 °C, while the isentropic efficiency of the compressor was kept constant at 70 %. The
results showed that the R600a system offers a higher COP than that of R134a. However, the
heating capacity was lower than that with R134a.

Antunes and Bandarra [23] provided an experimental evaluation of the performance of a
refrigeration unit using R404A, R438A, R410A, R290, R32, and R1270. The evaporation
temperature was varied from —15 °C to —5 °C while the temperature of condensation ranged
between 31 °C and 44 °C. According to the results, the R1270 and R290 showed the largest
COP values under the studied conditions. Baakeem et al. [24] highlighted the R717 as the best
option among the studied refrigerants for multi-stage refrigeration applications. Ammonia is an
excellent refrigerant that can outperform HFCs. Also, technological developments have
opened up opportunities for ammonia beyond its traditional market, especially for low-charge
equipment, where it was not possible to use ammonia before [25].

Cabello et al. |26] experimentally evaluated the performance indicators of a freezer and the
effect of using an IHX, with R454C, R455A, R468A, R290 and R1270. In this study, the heat
rejection temperatures of 40 °C, 30 °C, and 20 °C were considered while keeping an internal air
temperature of -20 °C. The main conclusions of the study highlighted the benefits of using the
IHX for all the refrigerants studied. Results showed that the IHX reduces the compressor work
and that its effect is more pronounced at high sink temperatures.

Given the high electrical energy requirements in refrigeration systems, alternative energy
sources have been evaluated to power refrigeration systems to help the decarbonization of this
sector. The use of solar energy to power small-capacity refrigeration systems requires the
development and characterization of DC compressors. If the use of solar energy is combined
with the use of natural refrigerants, it appears as a great opportunity to meet sustainable and
environmentally friendly energy technologies goals.

Studies available in the literature dealing with solar refrigeration involve the use of
traditional refrigerants such as R134a, while few studies include ecological refrigerants. Modi
et al. |27] reported a COP up to 2 for an R134a domestic refrigerator powered by solar energy
and operating at an evaporation temperature of -4 °C. Bilgili [28] modelled a solar vapour
compression refrigeration system using R134a for air-conditioning purposes in an office
building. In this study, the authors highlighted that the system performance drops with
increasing external temperature and cooling load capacity. Meanwhile, Opoku et al. [29]
demonstrated that for solar refrigeration applications, it is more convenient, in terms of costs
and performance, to run a DC refrigerator in comparison to AC refrigerators. Ouali et al. [30]
highlighted the economic benefits of using solar-powered domestic refrigerators. Daffallah et
al. |31, 32] tested a solar-powered DC refrigerator using 134a under different load conditions
and thermostat settings. It was found that the refrigerator performance varies based on the
loadings level and thermostat position.

Torres-Toledo ef al. [33] presented the operation of a small-scale DC freezer using R134a
for ice production and reported an autonomy of 5 days. Salilih et al. |34, 35| characterized a
solar refrigerator using R134a and showed the sensitivity of the system performance at
different temperatures of condensation and evaporation. Su et al. (2020) reported on the
dynamic operation of a variable-speed photovoltaic DC refrigerator using R134a as the
refrigerant and without using batteries and an inverter. Results indicated the effect of ambient
temperature and solar radiation intensity on the refrigerator and showed that the higher the
solar intensity is, the higher the cooling capacity while lower ambient temperature benefits the
cooling capacity. Hu et al. [37] tested an AC refrigeration system with cold storage powered by
PV solar energy and used R22 as the refrigerant. In this study, the storage space was
maintained between 0 °C and 5 °C. The authors reported a daily average refrigeration system
COP between 2.75 and 3.02. Also, Ikram et al. [38] modelled the performance of a hybrid solar



PV-driven AC refrigeration unit using R717 for air-conditioning of a storage room at 15 °C.
The solar fraction reported was up to 59.2% whereas the economic study showed payback
periods of up to 5.2 years. Finally, Kasera et al. [39] presented the experimental performance
of a solar-powered milk refrigerator using R290. The cooled air was kept at 4 °C while the
ambient air temperature ranged between 25 and 40 °C. Results mainly showed that the COP
and solar COP dropped as the ambient temperature increased.

According to the literature, there is a lack of detailed studies dealing with the integration of
DC refrigeration systems, the use of natural refrigerants, and solar systems for solar
refrigeration applications. Therefore, this study aims to analyse the energy and exergy
performance of a small-capacity solar refrigerator using ecological refrigerants such as R600a,
R290, and R717 for solar refrigeration applications. It involves a detailed characterization of
the DC refrigerator using an IHX with different effectiveness, at evaporation temperatures of
-10 °C and -32 °C to cover different product temperatures. Also, the temperature of
condensation is established to 35 °C and 46 °C considering a 12 °C temperature difference
concerning the minimum and maximum environmental temperature recorded in the city of
Barranquilla, Caribbean coast of Colombia. The simulation model validation is also presented
considering the performance data of actual DC compressors. This investigation aims to
contribute to the development of sustainable and environmentally friendly energy technologies.
Besides, this could be beneficial, especially for zones where access to electrical energy is not
well established.

DESCRIPTION OF THE SYSTEM

The present study deals with the performance comparison of a small-capacity horizontal
refrigerator cabinet with different natural refrigerants driven by photovoltaic (PV) solar panels.
Initially, the validation of the DC compressor performance for the selected refrigerants is
presented. Then, energy and exergy balances are conducted on the refrigeration system to
provide a detailed characterization of its performance using different refrigerants, at different
evaporation temperatures, condensation temperatures, and IHX effectiveness. Finally, the
integration of the DC refrigeration system, using natural refrigerants, with the PV solar system
and their performance is assessed.

A basic schematic diagram of the autonomous solar mechanical vapour compression
refrigerator under study is illustrated in Figure 1. It consists mainly of a PV solar panel, a
battery, a current regulator, an evaporator, a direct current (DC), a condenser, a compressor, an
expansion valve, and an internal heat exchanger (IHX). The main energy input to the
refrigeration unit is obtained through the PV solar collectors while the battery is used to store
the energy needed to drive the DC compressor and some appliances when solar energy is not
available. The present configuration was selected given the characteristics of the simplicity of
small-capacity horizontal refrigerators and the system potential for solar refrigeration in rural
areas or non-interconnected zones. Moreover, the IHX was added to improve the performance
of the basic configuration.

The refrigeration effect is produced in the evaporator, where the heat absorbed from frozen
products is transferred to a refrigerant liquid-vapour mixture to reach a vapour state. The
vapour is then sent to the DC compressor, passing first through an internal heat exchanger
where it is superheated thanks to the higher temperature refrigerant flowing on the other side of
the IHX. In the compressor, the superheated vapour is conditioned to high pressure and
temperature to reach the required state and facilitate its condensation in the condenser. Next,
the condensed flow is sent to the IHX where it is subcooled thanks to the heat exchange with
the low-temperature vapour coming from the evaporator and flowing through the other side of
the IHX. The subcooled liquid is then sent through the expansion valve where its pressure and
temperature drop drastically, and the refrigerant becomes a liquid-vapour mixture that is ready
to start the cycle again in the evaporator.
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Figure 1. Scheme of the horizontal solar vapour compression refrigerator with internal heat
exchanger

METHODOLOGY

This section provides the details of the procedure followed for the present research. It
includes relevant information about the refrigerants selected, the energy and mass balances
applied for the refrigeration system model development, the main parameters involved in the
solar system evaluation, and the environmental characteristics of the city selected for the study.

Refrigerant properties

In this study, four refrigerants are used to conduct a performance comparison at various
operating conditions of interest for autonomous solar refrigeration. In this case, R134aisused as a
base case given its extended use in refrigeration horizontal cabinets. Additionally, the natural
refrigerants R600a, R290a, and R717 are also used in this study. Table 1 presents some relevant
data on the selected refrigerants.

Table 1. Refrigerant details and safety classification [40].

Refrigerants Molecular NBP T. (°O) De Latent heat ASHRAE ODP GWP
mass (g/mol) (°O) (MPa)  at Ty, (klJ/kg) classification
R134a 102.0 -26.08 101.06 4.06 217 Al 0 1430
R600a 58.12 -11.76 134.7 3.63 365.11 A3 0 3
R290 44.1 -42.12 96.70 4.25 425.6 A3 0 3
R717 17.03 -33.4 132.35 11.3 1367.9 B2L 0 0

Table 1 shows that R717 has the lowest molecular mass and the highest latent heat of
vaporization among the selected refrigerants. At atmospheric pressure, the boiling temperature
of R717 and R290 is low enough that air infiltration is not an issue at the required evaporation
temperatures for the application established in this study. In the case of R600a, it operates
below the atmospheric pressure at evaporation temperatures below -11 °C so an appropriate
system sealing is required considering its high flammability. R290 and R600a are highly
flammable refrigerants with air (classification A3 according to ASHRAE [40]) whereas R717
is highly toxic at values below 400 ppm by volume. However, these refrigerants are
appropriate for low-charge and small-capacity equipment because of their high latent heat.
Among the refrigerant selected, the lowest required charge could be achieved by R717 which is
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beneficial to reduce the impact of its toxicity and extend its application. However, its
applicability needs to be verified.

Energy and mass balances

The simulation model developed for the evaluation of the refrigerator is based on energy and
mass transfer balances in each of the components. The next assumptions were considered for
the evaluation of the refrigerator with the different refrigerants selected:

e Steady-state system operation.

e Negligible potential and kinetic energies.

e Negligible pressure drops.
Connecting pipes considered adiabatic.
Isenthalpic process in the expansion device.
Saturated vapour at the inlet of the IHX.
Cooling load set to 200 W.

The simulation of the system under study was carried out using the Engineering Equation
Solver (EES software). The thermophysical properties of the selected refrigerants were
obtained from the mentioned software. The energy balances and the main assessment
parameters considered in each component of the refrigerator were established as follows:

Evaporator m-hy + Qevap =X'mh, (1)
Compressor m X hs + mep,s =m X hyg (2)
Wcomp ’ ngloba] = Wcomp,s 3)
[+
n
T4,K = [&] X T3,K (4)
bs.
Condenser m-hy = Qcong + M X hg (5)
Expansion valve m-hg =mxXh, (6)
Internal heat exchanger m-h,+m-hgs=mXhs+mxh (7)
hs — hg ®)
ElHx = T——F——
IHX h5 - h6,min
Coefficient of performance COP = Qevap 9)
comp

m is the mass flow rate and h refers to the enthalpy. Qevap is the refrigerator cooling load,

Qcond is the condenser heat flow, Weomps is the isentropic energy flow provided by the
compressor, Weomp refers to the power energy consumption, while #giobal is the global efficiency
of the compressor. The global efficiency was correlated considering the pressure ratio as
shown in Table 3. The fluid temperature at the compression unit outlet was estimated
considering a polytropic process. igx in Eq. 8 is the internal heat exchanger effectiveness and
COP is the coefficient of performance of the system. In each component, the mass flow rate is
constant, therefore, m;, = Mgy¢.

Validation of the refrigerator simulation model was conducted by developing global
efficiency correlations considering the cooling capacity, power energy consumption, and COP
reported for various commercial DC compressors [41]. The selected compressors can provide
cooling capacities ranging from 0.025 kW to 0.208 kW for temperatures of evaporation
ranging between -40 °C and -5 °C. In the case of R717, it was not possible to find the technical
data sheet of the low cooling capacities compressors available commercially. Then, the R717
global efficiency was approached by using the correlation reported by Stoecker (1998). Even
though this correlation was not obtained for a DC small-capacity compressor, it was used to



approach the R717 compressor given the reasonable values obtained and a performance trend
similar to those with the other selected refrigerants. The main details of the compressors are
presented in Table 2.

Table 2. DC Compressors details [41]

Manufacturer Model Refrigerant Ve (cm®) rpm
Danfoss BD250 R134a 2.5 3800
Danfoss BD35K R600a 3.0 3500
Danfoss BD80OCN R290 2.0 3500

Exergy balances

The exergy destruction analysis was also conducted to estimate the irreversibility in each
component of the refrigerator and identify improvement potentials considering the selected
refrigerants. The exergy destruction and second law efficiency were estimated as follows:

Q
Evaporator Xeevap = Tambk " | M X S — 1M X 51 — vep (10)
Tair,K
Compressor Xcomp = Wcomp - Wcomp,s ) (11)
Condenser Xcond = Tambx X <m X Sg — 1M X 4 + M) (12)
Tamb,K
Expansion valve Xexpa = Tampx X (M X 51 — 1M X S¢) (13)
Internal heat exchanger Xigx = Tambg - (M X Sg+MXs3 —MmXss—mXsy) (14)
Xtotal
Second law efficiency n,=1--—"- (15)
Wcomp
Total exergy destruction  Xrotal = Xevap T Xcomp + Xcond + X, + Xinix (16)

Where Xcomp, Xevaps Xiux, Xcond» Xexpd refer to the exergy destruction in the compressor,
evaporator, internal heat exchanger, condenser, and expansion valve, respectively. The sum of
exergy destruction values in each component is given in X,¢). Finally, iy refers to the second
law efficiency.

Solar system model

The DC power generated by the photovoltaic solar system was estimated considering the
efficiency of the solar panel and the solar energy input (eq. (17)), where Q. was estimated as
in eq. (18), and npy was assumed according to Kim and Ferreira (2008). In eq. (18), Apv refers
to the required area for the solar energy collection and Is the global solar irradiation. To
estimate the area of the solar panels, the daily energy consumption of the DC refrigerator and
the average daily total solar irradiation were considered [28].

PV power Wy = Ny X Qg (17)

Solar energy flow Qsol = Is X Apy (18)
W 1

PV area Apy = W (19)

P ISdaily X UPV



Environmental conditions

In this study, the temperature of condensation was set considering the minimum and
maximum environmental temperature reported in Barranquilla, one of the main cities on the
Caribbean coast of Colombia, with a significant potential for solar energy to drive thermal
systems [44-46]. Figure 2 presents the hourly values of average solar irradiation and
environmental temperature for Barranquilla. This figure shows that March presents the highest
solar irradiation while November presents the lowest irradiation. The mean solar irradiation per
day is 6698.2 W/m? in March while it is around 5274.4 W/m? and 5095.20 W/m? in October
and November, respectively. The mean solar irradiation per day is the sum of the hourly values
of average solar irradiation in a day. Regarding the environmental temperature, July appears to
be the warmest month with an average temperature of 27.8 °C while January is the coolest
month of the year with an average temperature of 26 °C. According to the records, the 1% of
July is the warmest day of the year [45].
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Figure 2. Hourly mean data of solar irradiation and ambient temperature for Barranquilla [45]

RESULTS AND DISCUSSION

To conduct the energy and exergy performance comparison of the refrigerator using R134a,
R600a, R290, and R717, a series of operating conditions were established. As mentioned in
subsection 3.5, the temperature of condensation was set to 35 °C and 46 °C considering a 12 °C
temperature difference with respect to the minimum and maximum environmental temperature
reported in Barranquilla. The temperature of evaporation was established at -10 °C and -32 °C,
considering a maximum of 8 °C concerning the temperature of frozen products, representing
adequate conservation temperatures ranging between -2 °C and -24 °C. In the case of the IHX
effectiveness, it was varied from 0.0 to a maximum of 0.60 to assess its effect on the
refrigerator performance parameters including COP, W, n1, Tu, 1y, and X. The maximum
effectiveness value of 0.6 was set considering that the refrigerant temperature expected at the
outlet of the compressor may have surpassed the recommended operation limits [8].

Validation of models

Validation of the refrigerator simulation model for each refrigerant was conducted by
developing global efficiency correlations as shown in Table 3. These correlations are based on
technical data available for various commercial DC compressors with their corresponding
refrigerants [41]. The refrigeration system used for the model validation is the base one
without THX. These correlations were developed by estimating the compressor global
efficiency (eq. (3)) from the relation between the compressor ideal power and the actual power
consumption reported in the technical data available [41] at the given operating conditions.
Then, the estimated global efficiencies for each case were correlated as a function of the
pressure ratio which is the ratio of the compressor discharge and suction pressures (PR). The
discharge and suction pressures depend on the condensation and evaporation temperatures.
Therefore, once the efficiency correlation for each compressor and its corresponding



refrigerant is obtained and implemented in the model, the inputs required to run the simulation
model are the cooling load needed, the evaporation temperature, the ambient temperature
which affects the condensation temperature, the IHX effectiveness, and solar irradiation. By
setting the cooling load, evaporation & ambient temperature, the model estimates the discharge
& suction pressure, the global efficiency of the compressor, the system mass flow rate, the
ideal energy delivered by the compressor, the actual compressor power consumption, the
system coefficient of performance, compressor discharge temperature, 2" law efficiency,
exergy destruction in each component of the system and the total, and solar panel area. In the
case of R717, there is no accessible technical data so its global efficiency was approached by
using the correlation reported by Stoecker [42].

Table 3. Selected global efficiencies of compressors

Refrigerant Global efficiency regression R?
(%)
R134a nglobal 9919
=2.78920490E-01+7.97778933E-02*PR-7.92964230E-03*PR?+2.28079792E-04*PR?
=4.33098142E-01+2.31267987E-02*PR-2.69840045E-03*PR?*+7.65439121E-05*PR?
R290 Nelobal =4.84588342E-01+9.87701530E-03*PR-1.06838391E-03*PR? 99.85
R717 Nglobal =-0.00097*PR?-0.01026*PR+0.83955 [42] -

Figure 3a shows the comparison between the power consumption of the DC compressors
reported by the manufacturers (Man_J#) [41] and those from the simulation model (Mod_#)
using the refrigerants R600a, R290, and R717, under the same operating conditions. Figure 3b
shows the corresponding comparison between the COP reported by the manufacturers
(Man_COP) and that from the model (Mod_COP).
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Figure 3. Simulation model data vs manufacturer data for [a] compressor energy consumption and
[b] refrigerator COP

The technical data available of the DC compressors involve cooling loads ranging from
0.025 kW to 0.208 kW, evaporation temperatures varying from -40 °C to -5 °C, and
temperature of condensation of 50 °C for the R134a and R600a systems, and 45 °C for the
R290 system. Therefore, the use of the model was limited to these operation ranges. However,
higher evaporation temperatures could be studied cautiously. In all the cases, the relationships
are linear with a slope of 45% while the relative errors were below 1%. Therefore, the
simulation model can be used for further studies as presented below.



Energy analysis

This subsection provides the analysis and quantification of the effect of the operation
conditions on the DC refrigerator performance parameters selected. Figure 4 shows the effect
of the evaporation temperature, condensation temperature and IHX effectiveness on the
refrigerator COP using R134a, R600a, R290, and R717. Figure 4a shows that the 134a system
COP increases with increasing the IHX effectiveness and evaporation temperature, as well as
when the condensation temperature/ambient temperature drops. When the IHX effectiveness
was varied from 0.0 to 0.6, the COP increased by 3.73% at a condensation temperature of 35 °C
and evaporation temperature of -10 °C. At the same previous condensation temperature and an
evaporation temperature of -32 °C, the COP rose by 8.25% for the same IHX effectiveness

range.
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Figure 4. Coefficient of performance (COP) vs IHX effectiveness, 7 _cond, and T evap, for: [a]
R134a, [b] R600a, [c] R290, and [d] R717

Moreover, at a condensation temperature of 46 °C and an evaporation temperature of
-10 °C, the COP increased by 7.79% when varying the IHX effectiveness, whereas, at a
condensation temperature of 46 °C and an evaporation temperature of -35 °C, the COP
increased by 14.51%. Results indicate that the use of the IHX has a stronger effect on the COP
at the most drastic operating conditions while the benefits on the COP are rather small at a high
temperature of evaporation and low temperature of condensation.

Results also demonstrate that the effect of the condensation temperature on the COP is
stronger at the lowest evaporation temperature. For a refrigerator with no IHX operating at an
evaporation temperature of -10 °C, the COP dropped by 22.7% when the temperature of
condensation changed from 35 °C to 46 °C, whereas this drop was about 27.7% for an
evaporation temperature of -32 °C. In the case of a refrigerator with IHX and an effectiveness
of 0.6, these drops were around 19.6% and 23.5%, at an evaporation temperature of -10 °C and
-32 °C, respectively. These results indicate that the use of the IHX reduces the effect of the
condensation temperature on the refrigerator performance.

Figure 4b indicates that for the fixed IHX effectiveness range and evaporation temperature
of -10 °C, the R600a system COP increased by 6.41% and 11.0% at a condensation



temperature of 35 °C and 46 °C, respectively. For an evaporation temperature of -32 °C, the
effect of the IHX on the COP is more notorious, resulting in COP improvements of around
11.7%, and 18.7%, at condensation temperatures of 32 °C and 45 °C, respectively. Results
evidence that the temperature of condensation has a stronger impact on the system performance
with R600a than that on the R134a system. In this case, the R600a COP system dropped by
25.4% and 27% by increasing the temperature of condensation at temperatures of evaporation
of -10 °C and -32 °C, respectively.

Regarding Figure 4c, it shows that when the IHX effectiveness was varied in the given
range, the R290 system COP increased at a similar rate in comparison to those with R134a. In
the case of the condensation temperature effect on the COP, the R290 system COP dropped by
26.3% when increasing the temperature of condensation from 35 °C to 46 °C at the established
temperatures of evaporation. Similar to the case with the R134a system, the use of the IHX
device reduced the impact of the condensation temperature for R600a and R290 on the system
COP.

Figure 4d presents the system performance using R717. For the IHX effectiveness range
given and contrary to the previous results with the other refrigerants, the COP dropped when
the IHX was used. This negative effect was also noted by Domanski et al., (2014) in a cooling
system for air-conditioning conditions. For instance, the COP dropped by 9.41% when the
temperature of condensation was 35 °C, the temperature of evaporation was -10 °C, and the
IHX effectiveness varied in the range given. This drop was the highest at a condensation
temperature of 46 °C and evaporation temperature of -32 °C with a 15.08% decline. Results
also evidence that the use of the IHX slightly increases the negative effect of the condensation
temperature. According to the results, it can be mentioned that the use of the IHX is not
beneficial to the R717 system performance.

Figure 5 summarizes the COP relative difference of the R600a, R290a, and R717 systems
concerning that of the R134a system with and without IHX, at a condensation temperature of
35 °C and evaporation temperature of -10 °C, and at a condensation temperature of 46 °C and
evaporation temperature of -32 °C. Results indicated that the COP values of the R290a system
were slightly higher than that of the R134a with and without IHX, under the study conditions.
For the R600a system, the COP reached was lower than that of the R134a at a condensation
temperature of 46 °C and evaporation temperature of -32 °C with and without IHX. On the
other hand, the R600a system COP surpassed that of the R134a at a condensation temperature
of 35 °C and evaporation temperature of -10 °C with and without IHX.
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Figure 5. COP relative difference vs IHX effectiveness considering R134a as a base case



Regarding the R717 system COP, results indicated that the R717 system can reach much
higher COP values than that of the R134a at a condensation temperature of 35 °C and
evaporation temperature of -10 °C with and without IHX. However, it can also be noted that in
the worst conditions (condensation temperature of 46 °C and evaporation temperature of -32
°C), the R717 system COP dropped below that of the R134a. In addition, Figure 5 shows that
the use of the IHX is detrimental to the R717 system COP. More details and explanations of the
COP trends are given from the results in Figure 6.
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Figure 6. Compressor power consumption (/) vs IHX effectiveness, 7_cond, and T _evap, for: [a]
R134a, [b] R600a, [c] R290, and [d] R717

Figure 6 illustrates the compressor power consumption using R134a, R600a, R290a, and
R717 at different condensation temperatures, evaporation temperatures, and IHX
effectiveness. For the given cooling load, the compressor power consumption has a direct
effect on the system COP. Therefore, the COP improvements reported in Figure 4 were
obtained due to the drop in the compressor power consumption for the corresponding cases.
Otherwise, a COP drop was the result of a rise in the compressor power consumption as was the
case for R717.

Figure 6 shows that the use of the IHX reduced the compressor power consumption of the
R134a, R600a and R290 systems, under the studied conditions. Moreover, it can be highlighted
that the drop in power consumption is more pronounced at a condensation temperature of
46 °C and an evaporation temperature of -32 °C when increasing the IHX effectiveness. For
instance, the power consumption dropped by 12.7%, 13.6%, and 15.8% for the R134a, R600a,
and R290 systems, respectively, when using an IHX with the effectiveness of 0.6 with respect
to the values with the effectiveness of 0. On the other hand, the power consumption dropped
around 3.6%, 4.1%, and 6.0%, for the mentioned refrigerants, respectively, at a condensation
temperature of 35 °C and evaporation temperature of -10 °C. In the case of the R717 system,
the use of an IHX produced a rise in the compressor power consumption between 10.4% and
15.0%, being the power rise more pronounced at the most extreme conditions. The reason for
this behaviour is discussed in the results from Figure 8.



In all the cases, a major rise in the compressor power consumption is obtained due to the
change in the condensation temperature from 35 °C to 46 °C. According to the results, the
R717 compressor is the most affected by the condensation temperature while fixing an
evaporation temperature of -10 °C. The R134a compressor is less affected by the condensation
temperature variation. The rise in the compressor power consumption due to the condensation
temperature increase is because the compressor must provide the energy required to the
refrigerant to achieve adequate conditions for its condensation, therefore, the higher the
condensation temperature, the higher the energy state required in the refrigerant at the
compressor outlet.

Figure 7 indicates that the R134a system requires the highest refrigerant charge and mass
flow rate, whereas the R717 system needs the lowest charge and mass flow rate, among the
studied refrigerants. It is important to mention that the mass flow rate directly influences the
compressor power consumption. The power consumption decreases as the mass flow is
reduced. Figure 7 also shows that when using the IHX, the mass flow rate can progressively
drop by 34.2%, 34.9%, 34.6%, and 17.7%, for the R134a, R600a, R290, and R717 system:s,
respectively. It can also be observed that the R600a and R290 systems required mass flow rates
around 45% lower than those required for the R134a system. Moreover, the mass flow rates
required for the R717 system can be around 87.1% lower than those for R134a. Additionally, it
can also be observed that the use of the IHX reduced the effect of the condensation and
evaporation temperature on the mass flow rate required. According to the results, the mass flow
values at different condensation and evaporation temperatures tend to converge when
increasing the IHX effectiveness.
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Figure 7. Refrigerant mass flow (rz) vs IHX effectiveness, 7 _cond, and 7 _evap, for: [a] R134a, [b]
R600a, [c] R290, and [d] R717

In general, for a given cooling capacity, the drop in the R600a, R290, and R717 mass flow
rates, concerning the R134a, is the result of their wider latent heat. The R717 refrigerant is the
one with the highest latent heat, therefore, the refrigerant with the lowest mass flow rate is
needed. The drop in the mass flow rates when using an IHX can be explained due to the



increased subcooling between the refrigerant temperature at the outlet of the condenser and the
outlet of the IHX. For a given cooling load, the higher the subcooling is, the lower the mass
flow required.

Figure 8 presents the estimated vapour refrigerant temperature at the inlet of the
compressor (T3), the outlet of the compressor (T4), and the estimated liquid refrigerant
temperature at the outlet of the IHX (T6) (see numeration in Figure 1). T5, T1, and T2 are not
shown because these parameters were fixed considering the temperature of condensation and
evaporation. The orange horizontal lines correspond to a discharge temperature limit of 380 K
[8]. Results show that the rise of the refrigerant temperature was more pronounced at the
compressor outlet in comparison to that at the compressor inlet when increasing the IHX
effectiveness. This effect resulted in a wider refrigerant enthalpy difference and a lower mass
flow rate than that without the IHX. Given the drop in the compressor power using the IHX for
the refrigerants R134a, R600a, and R290a (see Figure 6), it can also be mentioned that the
reduction of the mass flow rates (see Figure 7) was more significant than the rise in the
temperature difference (see Figure 8) and thus, in the compressor enthalpy difference.
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Figure 8. Temperatures at the outlet of the compressor and IHX vs IHX effectiveness, 7 _cond, and
T evap, for: [a] R134a, [b] R600a, [c] R290, and [d] R717

Figure 8 shows that at a condensation temperature of 46 °C and evaporation temperature of
-35 °C, the refrigerant temperature at the compressor outlet increases almost linearly for the
refrigerants R134a, R600a, and R290, respectively when using the IHX with effectiveness
varying from 0.0 to 0.6. In the case of a condensation temperature of 35 °C and evaporation
temperature of -32 °C, maximum temperatures reached at the outlet of the compressor were
122.1 °C, 99.4 °C, and 117.3 °C, for the R134a, R600a, and R290, respectively. The results at
an evaporation temperature of -10 °C showed that the mentioned refrigerant temperatures at the
outlet of the compressor dropped by 33 °C, 26 °C, and 30 °C, for the R134a, R600a, and R290
refrigerants, respectively. It can then be noted that the R134a and R290 surpassed the
refrigerant discharge temperature of 380 K at IHX effectiveness values above 0.3 at an
evaporation temperature of -32 °C. Moreover, the R717 system surpassed the discharge
temperature limits at all the operating conditions established.



Results also indicate that the maximum superheating condition obtained at the outlet of the
IHX can be up to 76 °C, 67.5 °C, and 71.9 °C, for the refrigerants R134a, R600a, and R290,
with an evaporation temperature of -32 °C. At an evaporation temperature of -10 °C, the
maximum superheating values decrease by 22-19 °C for the mentioned refrigerants.
Consequently, the maximum subcooling can be up to 41 °C for R134a, R600a, and R290. As
mentioned before, it contributed to the mass flow drop for the established cooling load.

An extreme case is that with the R717. Given the cooling capacity and the wide R717 latent
heat, the mass flow was lower than that for the other refrigerants and decreased even more
when using the IHX. This also increased the enthalpy difference between the outlet and inlet of
the compressor, which resulted in a significantly high temperature at the compressor inlet and
outlet. According to this, the use of the IHX is not recommendable for the established
application using R717. Also, the use of R717 in small-capacity refrigerators could be of
interest if the temperature of evaporation is kept above -10 °C, the condensation temperature is
below 46 °C, and an appropriate compressor cooling is provided.

Exergy analysis

This subsection provides the exergy analysis considering the 2™ law efficiency and exergy
destruction in the entire system and per component, as a function of the condensation
temperature, evaporation temperature, and IHX effectiveness.

Figure 9 shows that the exergy efficiency rose as the IHX effectiveness was varied from
0.0 to 0.6, for the R134a, R600a, and R290 refrigerants, whereas the opposite effect was
observed for the R717. Moreover, the exergy efficiency ranged between 0.20 and 0.24,
between 0.20 and 0.25, between 0.20 and 0.23, and between 0.13 and 0.27, for R134a, R600a,
R290a, and R717, respectively. The exergy efficiencies were relatively close for R134a,
R600a, and R290, being the R600a refrigerant the case with a slightly higher exergy efficiency
among the three refrigerants. On the other hand, the R717 system presented the lowest and
highest exergy efficiencies which evidence a wider efficiency range in comparison to those for
the other refrigerants.
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Figure 9. 2" law efficiency vs IHX effectiveness, T cond, and T evap for: [a] R134a, [b] R600a, [c]
R290, and [d] R717



In general, the lowest efficiencies were obtained at a condensation temperature of 35 °C
and evaporation temperature of -10 °C for R134a, R600a, and R290. This means that despite
the exergy destruction was the lowest for each refrigerant (see Figure 10), the compressor
power input was also the lowest obtained (see Figure 6), resulting in a high relation between
the total exergy destruction and the exergy input. In the case of R717, the lowest exergy
efficiencies were obtained at a condensation temperature of 46 °C and an evaporation
temperature of -32 °C. At these conditions, both the compressor power input (see Figure 6d)
and the total exergy destruction (see Figure 10d) were the highest obtained from the results,
while the relation between the exergy destruction and exergy destruction was also high.

Figure 10 shows the effect of the condensation temperature, evaporation temperature, and
IHX effectiveness on the total exergy destruction. The exergy destruction results for R134a,
R600a, and R290 ranged between 0.06 kW and 0.15 kW, whereas the range for R717 was
between 0.04 kW and 0.23 kW. The lowest exergy destruction values were obtained at a
condensation temperature of 35 °C and evaporation temperature of -10 °C, whereas the highest
exergy destruction values were reached at a condensation temperature of 45 °C and
evaporation temperature of -32 °C for all the studied refrigerants. As can be observed in
Figure 10, the total exergy destruction progressively dropped as the IHX effectiveness was
increased for R134a, R600a, and R290. In the case of R717, the use of the IHX rose the total
exergy destruction under the studied conditions. Results also evidence that in all the cases, the
effect of the condensation temperature on the total exergy destruction was more noticeable at
an evaporation temperature of -32 °C, while the effect of the evaporation temperature was more
remarkable at a condensation temperature of 46 °C.
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Figure 10. Total exergy destruction vs IHX effectiveness, T cond, and T_evap for:
[a] R134a, [b] R600a, [c] R290, and [d] R717.

Figure 11 presents the exergy destruction per component of the refrigerator as a function
of the IHX effectiveness at a condensation temperature of 35 °C and evaporation temperature
of -32 °C. As can be noted, the compressor was the component with the highest exergy
destruction, followed by the expansion device at IHX effectiveness values below 0.3, and the
condenser at IHX effectiveness values above 0.3, for R134a, R600a, and R290. According to



the results, the exergy destruction in the compressor dropped as the IHX effectiveness was
varied from 0.0 and 0.6, for R134a, R600a, and R290. The opposite effect was obtained for the
R717 since the exergy destruction was increased by the IHX which significantly rose the
operating temperature in this component.
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Figure 11. Exergy destruction in each component vs IHX effectiveness for: [a] R134a, [b] R600a,
[c] R290, and [d] R717

In the case of the expansion device, exergy destruction decreased as IHX effectiveness was
increased. On the other hand, the exergy destruction in the condenser rose as IHX effectiveness
was increased. The exergy destruction trend in the expansion devices can be explained due to
the rise of the subcooling degree when using the IHX, while the rise in the condenser exergy
destruction is due to temperature increment at the inlet of the condenser because of the IHX
effect. Regarding the compressor exergy destruction, as mentioned before the mass flow
dropped as the subcooling was increased due to the use of the IHX, which reduced the
compressor power input and its difference concerning the isentropic compressor power.
Regarding the exergy destruction in the evaporator and IHX, they kept a low exergy
destruction rate for all the refrigerants at all [HX effectiveness values.

In general, results indicate that the exergy destruction in the compressor was around
61-70%, 64-74%, 61-68%, and 31-73% of the total, for the R134a, R600a, R290, and R717
systems, respectively. The more extreme the operating conditions were, the higher the exergy
destruction in the compressor was. In the case of the expansion device, the exergy destruction
can be up to 19%, 18%, 20%, and 12% of the total, for the R134a, R600a, R290, and R717
systems, respectively, whereas the exergy destruction in the condenser can be up to 22%, 19%,
22%, and 50% of the total, for the R134a, R600a, R290, and R717 systems, respectively.
Results indicate that the R717 system was the configuration with the highest potential for
improvement, especially in the most extreme operating conditions. Moreover, R600a and R290
appear as good substitutions for R134a in small-capacity refrigerators while the use of an IHX
is beneficial to improve the system performance for these two natural refrigerants.



Solar system analysis

Considering the results of the previous subsections, the solar system analysis is focused on
the energy consumption of the refrigerator using those natural refrigerants with the appropriate
operation plus the energy collected by the PV solar panels. Previous results showed that the
operating conditions fixed were not beneficial for the operation of the refrigerator using R717,
therefore, only the R600a and R290 were used as natural refrigerants from this subsection.
Results in Table 4 were obtained at evaporation temperatures of -32 °C and -10 °C, using
R134a, R600a, and R290 as refrigerants. The effectiveness of the IHX was set considering the
recommended refrigerant temperature limit [8] at the outlet of the compressor according to the
results in Figure 8. In the case of the temperature of condensation, it was varied considering a
12 °C temperature difference with respect to the environmental temperature variation for the 1%
of July in Barranquilla (see Figure 2). It means that the temperature of condensation was
varied between 39 °C and 45 °C which indicates that the environmental temperature changed
between 27 °C and 33 °C. This day represents the warmest day of the year and therefore, the
day with the highest energy consumption in the compressor at the established operating
conditions. The daily power consumption for each case was estimated considering the stable
operation of the refrigerator. During the compressor operation, it is usual to find on and off
cycles, so a correction factor of 2/3 was assumed and applied to the continuous operation of the
compressor to account only for the time in which the compressor is on. Consequently, Table 4
shows that at an evaporation temperature of -32 °C, the daily power consumption of the
refrigerator with IHX was 2.934 kWh, 2.907 kWh, and 2.872 kWh, using the refrigerants
R134a, R600a, and R290, respectively. These values rose to 3.106 kWh, 3.219 kWh, and 3.054
kWh without the THX, using the refrigerants R134a, R600a, and R290, respectively. This
means that the compressor energy consumption can be reduced by 6%, 9.7%, and 6%, for the
refrigerants R134a, R600a, and R290, respectively, if the IHX is used at the established
effectiveness. Moreover, at an evaporation temperature of -10 °C, the daily power consumption
of the refrigerator dropped by 5%, 7%, and 5%, for the mentioned refrigerant, respectively,
when using the IHX. It can also be noted that the mass flow rate dropped as the evaporation
temperature increased and when the IHX was used.

Table 4. Daily compressor energy consumption and daily PV power production using R134a,
R600a, and R290 as refrigerants

R134a R600a R290
Tevap, °C -32 -10 -32 -10 -32 -10
Daily power consumption
(without IHX), kWh
Mass flow rate (without IHX),
kg/s
IHX effectiveness 0.3 0.5 0.4 0.5 0.3 0.5
Daily power consumption
(with THX), kWh
Mass flow rate (with IHX),

3.106 1.615 3.219 1.652 3.054 1.662

0.00166 | 0.00149 | 0.00094 | 0.00083 | 0.00089 | 0.00080

2.934 1.539 2.907 1.537 2.872 1.576

0.00133 | 0.00118 | 0.00071 0.00066 | 0.00071 | 0.00063

kg/s
Is March, W/ m? per day 6698.23
Is July, W/ m? per day 6264.58
Is November, W/ m? per day 5095.20
Apy, m? 3.84 2.00 3.80 2.00 3.76 2.10
Daily PV power in March, 3.94 2.05 3.90 2.05 3.86 2.15
kWh
Daily PV power in July, kWh 4.17 2.17 4.12 2.17 4.08 2.28
Daly PV power tn November, |3 49 1.77 3.36 1.77 333 1.86




The daily power consumption of the refrigerator with IHX was used to estimate the area of
PV solar panels according to eq. (19). The daily mean solar irradiation considered was that in
November, which represents the lowest value according to the records in Barranquilla city. In
Table 4 can be observed that the area of PV solar panels is similar for the R134a, R600a, and
R290 systems under the specified conditions. As expected, the area of PV solar panels required
is reduced as the evaporation temperature increases. Since the area of PV is basically the same,
the daily PV power generation for each case does not show a remarkable difference.
Additionally, the daily PV power generation was estimated for the 1% of March, 1% of July, and
1°" of November. This selection was made because March presents the highest average solar
irradiation, July presents the highest average environmental temperature, and November
presents the lowest average solar irradiation (see Figure 2).

Overall, it can be observed that the solar PV panels are capable to provide the required
energy to drive the refrigerator, even during less favourable conditions in terms of solar
irradiation and environmental temperature. It is then expected that during the peak irradiation
hours, most of the energy collected goes to a storage battery. The remaining energy collected
can be used for some small-capacity appliances.

Figure 12 shows, for example, the hourly R290 compressor power consumption and the
PV power production during the 1% of March, July, and November. The hourly compressor
power consumption corresponds to the data collected for the warmest day of the year (1% of
July) when the environmental temperature changed between 27 °C and 33 °C so the
condensation temperature was varied between 39 °C and 45 °C.
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Figure 12. Solar irradiation (Zs) vs PV power production (W Pv) and compressor energy
consumption (W comp) for the R290 refrigeration system at an evaporation temperature of [a] -32 °C
and [b] -10 °C

Results indicate that from 8:00 hours to 16:00 hours, the energy provided by the PV solar
panels can be used to run the compressor but also to charge a storage battery to use its energy
when solar energy is not available. Moreover, the peak energy generation was obtained
between 11:00 and 12:00 hours. Figure 12b shows that the hourly compressor power
consumption (between 0.093 and 0.107 kWh depending on the environmental temperature
variation) was lower than that in Figure 12a (between 0.169 and 0.196 kWh) given the higher
temperature of evaporation. Also, the PV power production in Figure 12b was lower than that
in Figure 12a given the smaller area of the PV solar panels required to run the refrigeration
system operating at an evaporation temperature of -10 °C.

Additionally, Figure 13 shows that the 1% of July corresponds to the day that the battery
receives the maximum energy charge to run the refrigeration system while the lowest energy
charge is obtained in November. As mentioned before, the solar PV panel areas for the
evaporation temperature of -32 °C and -10 °C are appropriate to capture the energy required to
drive the refrigerator using R290, even during less favourable conditions. Comparable results
were obtained with R600a according to Table 4. This indicates that both R600a and R290 can
be used as natural refrigerants in small-capacity autonomous solar refrigeration applications.



However, considering that the specific volume of the R600a at the compressor inlet is more
than two times that of the R290, this last one appears as a better option in terms of size.
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Figure 13. Cumulative PV power production and compressor energy consumption for the R290

refrigeration system at an evaporation temperature of [a] -32 °C and [b] -10 °C

CONCLUSIONS

In this paper, the energy and exergy characterization of a small-capacity autonomous solar
refrigerator with an IHX, using R134a and the natural refrigerants R600a, R290a, and R717
was presented. A simulation model was developed and validated considering the operating
conditions reported by DC compressor manufacturers. The main outcomes of the research can
be used for the design of horizontal small-capacity refrigerators driven by solar energy. The
main conclusions from the present study are presented as follows:

The use of IHX improved the system COP and reduced the compressor power input for
R134a, R600a, and R290. However, the use of the IHX was found detrimental in the
R717 system.

The use of the IHX was found to reduce the impact of the condensation temperature
variation for R134a, R600a, and R290. However, the opposite effect was found for
R717. Also, the drop in the mass flow rate was found more predominant than the
compressor enthalpy difference on the power consumption for R134a, R600a, and
R290 when using the IHX. The opposite effect was observed for R717.

The R290 system COP was found slightly higher (0.4-2.6%) than that of the R134a
with and without IHX. The R600a system COP was found slightly higher (around
0.1-2.7%) than that of the R134a with and without IHX, only under the most favourable
conditions under study. In all the cases, the R717 system surpassed the discharge
temperature limits so it was found unsuitable for the present application.

The recommended IHX effectiveness was found around 0.4 for R600a and 0.3 for R290 at
an evaporation temperature of -32 °C. For an evaporation temperature of -10 °C, the IHX
effectiveness can be up to 0.5 for both R600a and R290.

The IHX was found beneficial to reduce the exergy destruction in the compressor and
expansion valve for R134a, R600a, and R290, but increased the exergy destruction in
the condenser.

R600a and R290 can be used in small-capacity autonomous solar refrigeration
applications while the area of the PV solar collectors does not show a remarkable
difference at the established operating conditions and the same cooling load. However,
the specific volume of R600a is much higher than that of R290, therefore, the R290 can
be preferable in terms of size.

The maximum power consumption of the solar R290 refrigeration system was
estimated around 4.08 kWh and 2.28 kWh at evaporation temperatures of -32 °C and



-10 °C, respectively, which could be covered by a solar panel area of 3.76 m? y 2.10 m?,
respectively. Similar values were obtained for the solar R600a refrigeration system.

e Future research involves the built-up of a small-capacity autonomous solar refrigerator
considering different refrigerants and various system modifications.
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NOMENCLATURE
A Area [m?]
h Enthalpy [kJ/kg]
Is Global solar irradiation [W/m?]
m Mass flow rate [kg/s]
n Polytropic index
p Pressure [kPa]
0 Heat flow [kW]
T Temperature [°C]
|4 Volume [cm?]
14 Power consumption [kW]
X Exergy destruction rate [kW]
Greek letters
3 Effectiveness
n Efficiency
Subscripts
air Cooled air
amb Environment
b Boiling point
c Critical point
cil Cylinder
cond Condenser
comp Compressor
evap Evaporator
expd Expansion valve
PV Photovoltaic
S Isentropic
sol Solar
Abbreviations
DC Direct current
GWP Global Warming Potential
IHX Internal heat exchanger
LEL Lower explosive limit
Man Manufacturer
Mod Simulation model
NBP Normal Boiling Point
ODP Ozone Depletion Potential
OEL Occupational Exposure Limit
PR Pressure ratio
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