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ARTICLE INFO ABSTRACT

Keywords: This paper presents an experimental study of a split type solar air conditioning system with evaporative

Solar refrigeration pre-cooling at the condenser. The main objective of this research is to evaluate the thermal and electrical

E"ap_"ratlve cooling performance of the system under hot summer conditions in a Mediterranean climate. Previous studies have

E;ﬁ?emﬂ ) separately shown the benefits of both condenser inlet air pre-cooling and photovoltaic solar cooling. The
otovoltaics

novelty of this work will be the study of the coupling of these two techniques in a real installation, where
the viability of the system depends on the component-level design and the operating conditions, since
weather variables such as ambient temperature, relative humidity and solar radiation significantly affect the
thermal behaviour of the refrigeration cycle, the evaporative pre-cooling capacity and the performance of the
photovoltaic panels. Experimental tests were carried out over a summer season to evaluate the behaviour of
the system and to obtain performance correlations validated with experimental data. These correlations will
allow the modelling of the system and will be used to carry out an economic and environmental feasibility
study of the proposed hybrid solar air conditioning system. The results show that a 100 mm-thick evaporative
pad achieved an average evaporative cooling efficiency for all tests performed of ¢.,,, = 67.4 %, reducing the air
inlet temperature to the condenser by around 6 °C. This resulted in an 18.3 % improvement in the EER of the
air conditioner. In addition, the use of evaporative pre-cooling resulted in a significant 23 % reduction in peak
power consumption. The study also evaluated the impact of the air pressure drop caused by the evaporative pad
when not in use, with results favouring its installation. The system achieved a solar contribution of more than
30% under different solar radiation conditions when using pre-cooling, compared to 25% with a standard
condenser. In addition, the combination of photovoltaic contribution and evaporative pre-cooling reduced
energy consumption by 43 %.

1. Introduction energy efficiency of an air conditioning system and the integration of

photovoltaic energy in its operation.

Air conditioning accounts for 20 % of global electricity consumption
in buildings and 10 % of global electricity consumption. The increasing
use of air conditioning in residential and commercial buildings will be
one of the main drivers of global electricity demand growth over the
next few decades, [1]. Optimising the energy performance of a building
starts with the design and construction of a near-zero energy passive
building from an architectural point of view. The next steps are the
use of energy saving devices to reduce the amount of energy required
for operation and the incorporation of renewable energy technologies
in various applications, [2]. Prioritising energy efficiency reflects the
fact that the most cost-effective and environmentally friendly form of
energy is the one that does not require production, [3]. Continuing
this line of argument, this paper deals with a proposal to improve the
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The use of solar energy for air conditioning is based on a fun-
damental principle: matching the availability of solar radiation with
the cooling demand. The main objective is to develop cost-effective
solar air conditioning systems. Although a number of technical solu-
tions have been studied for the combination of solar energy and air
conditioning, this technology is still at an early stage of development.
According to the International Energy Agency’s Task 53 on new gen-
eration solar cooling and heating systems, Mugnier et al. [4] stated
that photovoltaic (PV) driven compression chillers are currently the
most promising solar solutions, especially for small to medium sized
units (<50kW cooling), and are close to market readiness. Previously,
it appeared that solar cooling systems had the greatest potential for
deployment in large buildings with central air conditioning systems,
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Nomenclature

AC air conditioning

Aotal total area of the solar panels (m?)

cop coefficient of performance (-)

EER energy efficiency ratio (-)

Egiq daily energy consumption of the AC unit
from the grid (kWh a1

E,, daily energy consumption of the AC unit
from the photovoltaic panels (kWhd 1)

E\ gl total energy consumption of the AC unit

over a day (kWhd 1)

Enit daily thermal energy supplied by the AC
unit (kWhd—1)

G solar irradiance (Wm2)

h enthalpy (kJkg 1)

I electric current (A)

k confidence level coverage factor (-)

LF load factor of AC unit (%)

W mass flow rate (kgs—1)

n number of data points per day per sensor
(O]

0 useful thermal capacity (heating/cooling)
W)

r correlation coefficient (-)

RH relative humidity (%)

SC solar contribution (%)

SPF seasonal performance factor (-)

T temperature (°C)

T air wet bulb temperature (°C)

AT, air temperature drop (°C)

AT, 1ax maximum air temperature drop (°C)

At time interval for data acquisition (s)

u standard, combined or expanded uncer-
tainty

v velocity (ms—1)

|4 electric voltage (V)

Vv volume flow rate (m3kg—1)

w electrical power (W)

w, wind direction (°)

w, wind velocity (ms—1)

Greek symbols

Eevap evaporative cooling efficiency (%)

n electrical efficiency (%)

® humidity ratio of moist air (kg,, kg, 1)
cos ¢ electrical power factor (-)

p density (kgm3)

Subscripts

1,6 refrigerant at evaporator outlet/inlet
2,3 refrigerant at compressor inlet/outlet
4,5 refrigerant at condenser inlet/outlet
a air

ac alternating current

acc transducer or probe accuracy

amb ambient air

mainly due to the progress of solar thermal cooling solutions in this
particular sector. However, the landscape has changed because of the
considerable increase in demand for cooling in the small residential and

avg average value

bleed bleed-off water

comp reciprocating compressor of the AC unit

da data acquisition unit

dc direct current

evap evaporated by the pre-cooling pads

grid electricity grid

in evaporative pad inlet air flow

meas measurement

mid air flow between evaporative pad and
condenser

out condenser outlet air flow

pv photovoltaic panels

rd data readout

ref R410A refrigerant

supply total fresh water consumption

syst whole system (AC unit + photovoltaic)

total total consumption of the AC unit

tr transducer or probe

unit air conditioning unit

w water

small commercial sectors, combined with a considerable reduction in
the cost of PV panels. As a result, the market dynamics have changed.

A number of recent experimental studies and simulations have high-
lighted the significant potential of photovoltaic (PV) cooling. Among
the large number of works available in the literature on this topic, a
few have been selected on the basis of their coincidence with the power
range developed in the present research. Aguilar et al. [5] tested a heat
pump with a cooling capacity of 3.52kW, which was simultaneously
powered by three 235 Wp photovoltaic panels and the electrical grid
during the Spanish hot season. The cooling system was installed in
an office, and both the solar contribution and the production factor
reached about 65 %. Opoku et al. [6] investigated the performance of a
hybrid solar PV system with batteries and grid-powered air conditioner,
consisting of a 1040 Wp solar PV array with a 200 Ah, 24V battery
configuration, for daytime cooling of an office in a hot and humid
climate over the course of a year. The monthly average solar fraction
was found to be 51 % + 9 % for an air conditioner with a nominal cool-
ing capacity of 2.5kW and a maximum power consumption of about
1.19kW. Lorenzo et al. [7] investigated the benefits of incorporating
two control algorithms specifically designed for the compressor of a
3.4kW stand-alone PV heat pump prototype operating in cooling mode
without the use of batteries. The results showed a performance ratio
between 0.17 and 0.5, an energy efficiency ratio (EER) between 2.51
and 3.06 and a seasonal performance factor (SPF) between 2.51 and
3.01. Chen et al. [8] investigate on the effectiveness of photovoltaic
air conditioning systems in office buildings. The study found that the
PV AC system can quickly regulate the room temperature within a set
range of +0.9°C, and provide 114 %, 73% and 188 % of the energy
required by the AC system in the cooling, heating, and annual operating
periods, respectively. Sadd et al. [9] carried out an experimental study
of a hybrid air conditioner powered by a photovoltaic system and the
grid to analyse its energy performance. The test setup consisted of an
air conditioner with a nominal cooling capacity of 2.63kW and a PV
system with four 335 Wp panels connected through a 1.3kW inverter.
The results showed that the solar contribution factor was 50 % in winter
and 73 % in summer. Ayadi et al. [10] presented an experimental setup
that uses solar energy to power an air conditioner. The system was
tested in two scenarios: on-grid and off-grid. The results showed that
the solar fraction was higher during periods of higher demand and
ambient temperature, and the system maintained operation solely on
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PV power during the studied clear sky day load profile. The economic
analysis showed an attractive simple local payback period of 6.91 and
6.4 years for on-grid and off-grid systems respectively. Finally, Li et al.
[11] conducted a study on the potential of photovoltaic air conditioning
systems for summer cooling in mainland China. The study provided
valuable insights into the potential of PV AC systems as a sustainable
and cost-effective cooling solution and proposed a generalised design
guide for PV AC systems.

The use of pre-cooling of the incoming air to the condenser of
an air conditioning system has proven to be a consistent strategy
to improve its efficiency. Several authors have discussed its practical
implementation and quantified the associated energy improvement. He
et al. [12] reviewed the types of evaporative pre-cooling, related math-
ematical models, studies evaluating their performance and empirical
relationships. Ibrahim et al. [13] considered the use of condensate to
pre-cool the condenser air in a split-type air conditioning system with a
cooling capacity of 1.5 ton, in order to sensibly reduce the temperature
of air entering the condenser. A 4 °C decrease in the temperature of the
air entering the condenser was found, resulting in a 21.4% increase
in COP with an enhanced cooling capacity. Yu et al. [14] analysed the
cooling effectiveness of mist in pre-cooling air entering the condenser of
an air-cooled chiller. The chiller had a cooling capacity of 282 kW and
operated with a mist system in two different modes: the first was the
normal mode with head pressure control, and the second was the VSD
mode with variable speed control of the condenser fans. In a subtropical
climate, mist pre-cooling of the condenser air increased the COP of the
chiller from 0.36-8.86 % and from 0.34-10.19 % in the normal and VSD
modes, respectively. Yang et al. [15] investigated the effectiveness of a
spray evaporative cooling system in improving the performance of an
air-cooled chiller in refrigeration applications. The experimental results
showed a reduction in compressor power consumption and a 4% to
8 % increase in the COP of the air-cooled chiller following application
of the spray evaporative cooling system. Furthermore, the spray cool-
ing system significantly reduced the power consumption of air-cooled
chillers, with energy savings ranging from 2.4 % to 13.5%. More re-
cently, Jacob et al. [16] have discussed the need for alternative cooling
systems to meet future demand and reduce environmental impact, par-
ticularly in residential air conditioning. A hybrid evaporative-vapour
compression cycle, which combines adiabatic latent cooling with the
vapour compression cycle, was presented as one such alternative. The
results showed that the proposed system is most effective in hot, dry
climates, with energy savings in excess of 20%. Gupta et al. [17]
proposed an innovative approach to address the environmental impact
of refrigeration and air conditioning systems by integrating evaporative
cooling and passive cooling in a 1.5 ton split air conditioner. The results
showed significant thermodynamic performance improvements, with a
maximum coefficient of performance improvement of 68.7 % observed
at 44°C and 20 % relative humidity. Atmaca et al. [18] investigated
the performance of a split air conditioner with an evaporatively cooled
condenser compared to a conventional air-cooled condenser. Tests un-
der different environmental conditions showed that evaporative cooling
significantly improved energy efficiency. Specifically, with evaporative
cooling, the coefficient of performance increased by 10.2-35.3 %, the
cooling capacity increased by 5.8-18.6 % and the total power consump-
tion decreased by 4.0-12.4 %. Gupta et al. [19] conducted a thorough
thermo-economic evaluation of a 5.25kW capacity split air conditioner
integrated with direct evaporative cooling to assess its performance,
energy consumption, coefficient of performance and economic viabil-
ity. The Box Behnken design technique was used for multi-objective
optimisation, resulting in a significant increase in COP up to 68.9%
and a reduction in total cost rate and total exergy destruction by 26.1 %
and 57.2 % respectively.

As a direct precursor to the current work, Martinez et al. [20]
investigated the improvement of energy efficiency by using evaporative
cooling pads of different thicknesses for pre-cooling at the condenser
unit of an air conditioning system with a cooling capacity of 2.5kW.
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The experimental results showed that the addition of an evaporative
cooling pad with a thickness of approximately 100 mm resulted in the
highest overall COP. This reduced compressor power consumption by
11.4 %, increased cooling capacity by 1.8 % and improved overall COP
by 10.6 %. Similarly, Harby and Al-Amri [21] used cellulose pads of
different thicknesses as a condenser pre-cooling system to study the
performance improvement and energy savings of a 5.2 kW conventional
split air conditioner. They also found that the optimal thickness of the
pad was 100 mm.

The experimental results show that using this particular thickness
resulted in a significant reduction in energy consumption, ranging
from 15 to 22 %, while improving the overall COP by 29 to 53%. A
review of the literature revealed that numerous studies have focused
on investigating the effect of air pre-cooling on the thermal behaviour
of refrigeration cycles. However, no references have been found where
air pre-cooling is combined with the use of solar energy.

As seen above, a literature search reveals many references to air
conditioning systems using evaporative condenser cooling and refer-
ences to photovoltaic cooling systems. Previous research suggests that
both condenser inlet air pre-cooling and photovoltaic cooling are very
promising, as they have achieved very good results independently.
However, very few references have been found that investigate the
coupling of these two techniques in a real installation and provide
experimental data on the performance of a hybrid solar air conditioning
system with condenser inlet air pre-cooling. One of the few recent
research studies dealing with such hybrid systems, but using a different
evaporative cooling technique, is Yang et al. [22], which describes a
proposed ultra-efficient air conditioner with smart evaporative cooling
ventilation and photovoltaics for residential use in (sub)tropical areas.

The objective of this work is the experimental investigation of
the thermal and electrical performance of a hybrid solar system with
evaporative pre-cooling of the condenser inlet air under hot summer
conditions in a Mediterranean climate. There are a number of issues
related to their coupling in a real installation that make their study
interesting, and both the operating conditions of the installation and
its design at component level are key to assessing its viability. For
example, weather variables (ambient temperature, relative humidity
and solar radiation) affect the thermal behaviour of the refrigeration
cycle, the evaporative pre-cooling capacity and the performance of the
photovoltaic panels. Therefore, the study of this particular hybrid solar
air conditioner in a real installation, with the aim of obtaining perfor-
mance correlations validated with experimental data, will be the main
novelty of this work. These correlations will allow the modelling of the
system and will be used to carry out an economic and environmental
feasibility study of the proposed hybrid solar air conditioner.

This paper is structured as follows. Section 2 provides a brief
description of the ad hoc experimental test facility and the experimental
procedure. The definition of the design parameters and the key per-
formance indicators of the solar air conditioner and the uncertainty
analysis are presented in Section 3. Section 4 is dedicated to the descrip-
tion of the experimental results, evaluating the benefits in terms of peak
power and daily energy obtained. First, a comparison is made between
the different operating modes for similar environmental conditions.
Then, the results of all the daily tests carried out during a whole sum-
mer season and including different environmental operating conditions
are presented. Section 5 summarises the most relevant results obtained
in this research work.

2. Experimental methodology
2.1. Experimental setup

For the experimental tests, a compact prototype of a solar cooling
system with evaporative pre-cooling pads was designed and built using

commercially available components (see Fig. 1). The prototype con-
sisted mainly of three sub-systems: a residential split air conditioner
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Fig. 2. Schematic diagram of the experimental prototype with subsystems and instrumentation.

(sub-system A), an adiabatic pre-cooling system of the inlet air to the
condenser using commercially available corrugated cellulose evapo-
rative pads (sub-system B), and two photovoltaic modules for power
supply (sub-system C), as shown in Fig. 2.

The Kaysun air conditioning unit consists of a condenser unit (model
KAE-PV 35 DN5) and an evaporator unit (model KAY-PV 35 DN5). The
condenser was used as the outdoor unit in the experimental test. The
air conditioner has a rated cooling capacity of 3660 W and uses R410 A
refrigerant. It is driven by a 980 W DC rotary inverter compressor
(model DA130M1C-31FZ), which has been fully thermally insulated to
ensure quasi-adiabatic compression. The copper pipes carrying the re-
frigerant are also thermally insulated, as is the capillary expansion tube,
where the insulation has been improved to guarantee an isoenthalpic
expansion process.

A solar installation consisting of two PEIMAR SG360M photovoltaic
modules, with the technical specifications given in Table 1, is used to
supply a significant part of the electrical energy consumed by the air
conditioning system. The panels have been installed on the flat roof of
the laboratory, as shown in Fig. 1, with a south orientation (0° azimuth)
and an inclination angle of 30° to the horizontal, in order to optimise
their performance in summer.

The air conditioner is electrically powered by simultaneous connec-
tion to the mains (230Vac) and directly to the photovoltaic panels

Table 1

Technical specifications of PEIMAR SG360M photovoltaic modules.
Maximum power Py W) 360 W
Tolerance pp 0/+5W
Dimensions mm 1957x992x40
Number of cells N 72
Cell type (mono PERC) mm 156x156
Module efficiency % 18.54
Short circuit current I, (A) 10.09
Open circuit voltage Voe (V) 46.6
Nominal current Ly (A) 9.48
Nominal voltage Uppp (V) 38
Temp. coeff. of I, a I, (%/°C) 0.047
Temp. coeff. of V., Ve (%/°C) —0.32
Temp. coeff. of P, v Prox (%/°C) —0.40

(24 Vdc) without the need for an external inverter. The two power
sources operate in parallel and are added together to provide all the
electrical energy required by the air conditioner. In this way, the
AC unit always has enough power for stable operation, regardless of
variations in solar radiation. Internally, this AC unit has an inverter that
converts the energy from the 230 Vac mains to 200-300 Vdc to drive
the compressor at different speeds. The integration of the photovoltaic
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Fig. 3. Schematic diagram of the test facility showing interconnection of equipment and location of instrumentation.

energy takes place before the connection to the compressor, through a
power converter that raises the 24 Vdc of the panels to 200-300 Vdc.
During the hours of maximum solar radiation, the production of PV
energy is sufficient to supply the entire system. At this time, the PV
energy is the main source of power due to the impedance difference
between the two sources (PV and grid). Only when the PV power is
insufficient is the grid power used.

Fig. 1 shows the pre-cooling system, which consists of a stainless
steel frame that can hold one to three Munters corrugated cellulose
evaporative cooling pads, in particular pad model CELdek® 5090-15.
The evaporative pads are kept wet by a hydraulic circuit driven by a
small recirculating water pump that provides a constant flow of water
to the top of the frame along the entire length of the pads. Holes drilled
in the top of the frame allow Munters recommended water flow to be
evenly distributed by gravity over the fill of the evaporative pads. On
the other hand, the air flow that passes through the pads and comes
into contact with the wet fill undergoes an evaporative cooling process,
taking some of the feed water with it. The remaining non-evaporated
water is collected by gravity in a tank at the bottom of the pads,
where the suction of the recirculation pump is located, which collects
the water and returns it to the pads. Figs. 2 and 3 show a schematic
diagram of the complete installation with all the components of the
laboratory prototype, showing both the water and air flows involved
in the investigation and the location of the instrumentation used in the
experimental tests.

A number of additional controls were installed on the laboratory
prototype to ensure continuous control and monitoring of the test de-
velopment. This was achieved by automating the water replenishment
of the system with an additional tank, which was used to continuously
maintain the water level and also to determine how much water was
being used. In addition, two mobile phones were installed to monitor
the water levels in the tanks via their cameras and to report the general
status of the system for safety reasons. An Arduino UNO microcontroller
board equipped with an infrared emitter was installed to control the
on/off and temperature set points of the air conditioning system so
that it could be controlled remotely. Generic desktop remote control
software was used to control the PC that collected the information
from the data acquisition system. With all these improvements it was
possible to run a significant number of tests remotely.

2.2. Hydraulic design

In order to perform the hydraulic design of the pre-cooling system, it
was first necessary to define the number of pads to be used in the tests.
On the basis of a previous experimental energy efficiency study carried
out on an air conditioning unit with similar characteristics to the one
used in this study and using the same type of evaporative pads [20],
the results showed that the optimum total thickness of the evaporative
section was 100mm in order to obtain an adequate amount of pre-
cooling of the air flow, without causing an excessive loss of pressure in
the air flow and a consequent reduction in its flow rate, which would
penalise the condenser’s ability to dissipate heat to the environment.
For this reason, it was decided to mount two 50 mm-thick pads in series.

The recirculation pump was sized by estimating the water flow
required to keep the cellulosic media in the pad fully wetted. Ac-
cording to the manufacturer’s recommendations, a minimum water
flow is required to achieve sufficient wetting and optimal perfor-
mance. To calculate the distribution flow rate, a specific water flow
rate of 90Lmin~! per m? top surface was considered for pad type
CELdek® 5090-15.

Taking into account the actual dimensions of the two 50 mm-thick
installed pads of 100x800x585mm (depth x length x height), the dis-
tribution flow rate to the total top surface of the pads was calculated
to be 429.8 Lh—1.

To maintain the optimal mineral concentration in the water, a
bleed-off water flow rate must be constantly drained off by the pump.
This rate should be added to the previously calculated distribution
flow rate. The bleed-off rate was calculated as 1.9Lh~! based on the
analysis of the fresh water supplied to the pre-cooling system and using
a water quality chart provided by the manufacturer, therefore the pump
capacity was calculated as 431.7 Lh—1.

To select a suitable pump, the hydraulic losses in the recirculation
circuit were calculated, taking into account the previously calculated
water flow rate, the height of the pads, the diameter and length of the
distribution pipes and the additional losses caused by fittings. It was
found that the pump required less than 10 W to do its job, assuming a
pump efficiency of 20 %.

A calculation based on the most demanding environmental condi-
tions in which the pre-cooling system is likely to operate, considering
a temperature of T, = 30°C and a relative humidity of RH ., = 30 %,
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has been made to calculate the water evaporation rate and the total
water supply requirement. Thus, the water evaporation rate can be
obtained as follows:

TWbA,amb = wa (Tamb’RHamb) (1)
Tmid = Tamb - gevap (Tamb - Wb,amb) (2)
. 2.V, _
Vw,evap = % (Cz) (Tmids wa,amb) - (Tamb»RHamb)) =9.6Lh™! 3)
w
where a value of ¢ = 88.5% has been estimated from the

evap

evaporative cooling efficiency diagram for pad type CELdek® 5090-
15 provided by the manufacturer. Then, in Section 4 the evaporative
cooling efficiency will be recalculated experimentally to determine the
actual value obtained for our specific pre-cooling system installation.
The total estimated fresh water consumption of the prototype can

therefore be calculated by summing V,,,, and the bleed-off flow rate,

giving:
Vw,supply = 'w,evap + Vw,bleed =115 Lh_l (4)
2.3. Sensoring

A variety of sensors and measurement equipment were used to
study the thermal and electrical behaviour of the system. Firstly, the
environmental conditions were recorded using ambient air temperature
and relative humidity sensors and wind speed and direction sensors,
all located in a weather station on the roof of the laboratory where
the tests were carried out, next to the solar installation. Solar radiation
was measured for the entire solar spectrum using an ISO-first-class
pyranometer, installed at the same level as the photovoltaic modules.

Four pressure transducers were used to measure the characteristic
states of the refrigeration cycle. It is usual to use only two pressure
transducers for this characterisation, but it was preferred to double
these sensors to determine the pressure loss in the heat exchangers
(condenser and evaporator). In addition, six RTD-Pt100 temperature
sensors were installed on the copper pipes. Temperature and humidity
sensors were placed at the front and back of the cooling pads and at
the condenser air outlet to monitor the air temperature and relative
humidity through the system to analyse the psychrometric changes of
the air in the pre-cooling section and as it passes through the condenser.

For the electrical parameters, DC voltages were measured directly
and the DC current of both PV panels was determined from the voltage
drop value generated across a dedicated calibrated shunt resistor. True
RMS transducers were used to measure the AC voltages and currents.

A Keysight Technologies DAQ970A data acquisition system,
equipped with two DAQMO901A channel multiplexer modules (2/4
wire) supporting up to 44 inputs, with built-in 6 % digit DMM, 50.000
readings per second and programmable gain for each individual chan-
nel, was used to record all the measurements taken during the tests.
The frequency of data acquisition was every 10 s. Control of the start
and stop of data acquisition and data storage was performed from a
PC with BechVue software installed to establish communication with
the data acquisition system. The configuration of each channel and
the adjustment of its gain and offset depending on the type of probe
connected was created and compiled using the BechVue software.
Table 2 shows a summary of the technical specifications and accuracy
of the different types of probes and measurement equipment installed
in the laboratory prototype where the tests were carried out.

2.4. Experimental procedure

Experimental tests were carried out over an entire summer season,
covering the full range of environmental conditions for a Mediterranean
climate, with ambient temperatures ranging from 20 °C to 35°C and
relative humidities ranging from 30 % to 80 %, in order to evaluate the
behaviour of the system and obtain performance correlations validated
with experimental data. All tests were carried out with the evaporator
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fan running at full load to evaluate the performance of the solar air
conditioning system with and without pre-cooling. Fig. 4 shows the
steps involved in a daily test, starting at 7.30 am with the activation of
the water recirculation pump (if necessary) responsible for wetting the
evaporative pads. To ensure complete wetting of the evaporative pads,
the water supply is maintained for 30 min before the air conditioning
unit is switched on at 8.00 am. From this time until 8.00 pm, the AC
unit runs continuously at a load factor of LF = 100 %, where LF is
defined as the ratio of actual to maximum cooling capacity of the air
conditioning unit. A preliminary analysis of the recorded data showed
that it takes about 30 min after the air conditioning unit is switched on
for the system to reach stable operating conditions for the temperatures
and pressures of the refrigeration cycle, which was taken into account
in the hourly averaging of the values recorded by the sensors. Data
curation was carried out by filtering the measurements collected by
the data logger and by taking hourly and daily averages of all the
values recorded during the tests to finally obtain the values of the key
performance parameters using the equations in Section 3.

Two principal scenarios were used for the experimental work. The
base case was the operation of the split air conditioning system, simul-
taneously powered by the grid and the photovoltaic panels (operating
mode 1: AC + PV). In the second mode, evaporative pads were added
and water recirculation was activated to provide pre-cooling of the air
flow passing through the condenser (operating mode 2: AC + wet pads
& pre-cooling + PV).

One of the disadvantages of using pre-cooling systems based on
evaporative pads is the additional pressure drop that they can cause
in the condenser air flow, even when the water recirculation is de-
activated, because it is not interesting to perform the air pre-cooling,
for example in the winter season when the pump heat is operating
in heating mode. In order to evaluate the possible negative effect
of the presence of the dry pads on the air inlet to the condenser,
it was considered appropriate to include a third operating mode for
the air conditioning system, in which the evaporative pads are still
installed but the water circulation is deactivated so that no pre-cooling
is achieved (operating mode 3: AC + dry pads & no pre-cooling + PV).
Comparative results of leaving the pads installed or removing them
from the system in situations where they are not required are shown in
Section 4.3.

3. Evaluation index
3.1. Key performance indicators of the solar air conditioner

In order to characterise the performance of the system, the following
key performance indicators are defined. They can be calculated either
on a power basis or on an energy basis.

The consumption of solar energy by the air conditioning system has
been calculated as follows:

I/va = Ipv va 6]

The electrical efficiency of PV modules, which is the ratio of elec-
trical power generation to total available solar power, is defined as:
/4
Ty = g ®)
The power consumption of the AC unit from the grid is:

Wgrid = lgrid Vgrid (7)

The total power consumption of the air conditioning system, includ-
ing the consumption of the condenser and evaporator fans, is calculated
by adding the above two power indicators as follows:

I/Vtolal = Vva + I/Vgrid (8)
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Table 2
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Technical specifications and accuracy of the different types of probes and instruments installed in the experimental test facility.

Measurement Brand/model Measuring device Measuring range Accuracy

Refrigerant temperature TC Direct, Pt-100 class 1/3 DIN RTD 4 W —50 to +200°C 40.15°C

Refrigerant low pressure Johnson Controls, P499ACS-404 Pressure transducer 0 to 30bar +1 % max

Refrigerant high pressure Johnson Controls, P499ACS-405 Pressure transducer 0 to 50 bar +1 % max

Water temperature Desin Instruments, Pt-100 class 1/10 DIN RTD 4 W —20 to +250°C +0.05°C

Air velocity Osaka, ANE-MS-distan Hot wire anemometer 0 to 30ms™! +0.04ms™! + 3% mv
Air temperature E+E Elektronik, EE210P-HTCB Capacitive sensor —40 to +60°C +0.2°C

Air relative humidity E+E Elektronik, EE210P-HTCB Capacitive sensor 0% to 100 % +2.5%

Wind direction Wind Sentry, model 03002L Balanced vane 360°/352° mech./elec. ~ £10°/5° for 1.3/1.9ms !
Wind speed Wind Sentry, model 03002L Cup anemometer 0 to 50ms—! +1.1ms!

Solar radiation Kipp & Zonen, model CM-6B Pyranometer 0-1400Wm 2 <1.2%

Ambient air temperature Young, model 41382LC2 RTD 4 W 50 to +50°C +0.3°C

Ambient air relative humidity ~ Young, model 41382LC2 Capacitive sensor 0% to 100 % +1%

PV voltage Keysight, DAQ970A & DAQM901A Direct 100mV to 300V 40.003 %

PV current Zurk Shunt resistor 0-10A +0.5%

AC voltage transducer Phoenix Contact, MCR-VAC-UI-O-DC Converter 0-370 Vac +0.5%

AC current transducer Phoenix Contact, MCR-S-1/5-UI-DCI-NC Converter 0-11A +0.5%

7.00 am
Daily test starts
Power-up: datalogger +
measuring gauges
Starts data acquisition | __ Measuring gauges: zero
(reading frequency: 10 s) and systematic errors

weather  /
forecast

Air conditioning
operating mode

mode 3:
AC+dry pads+PV

mode 2:
AC+wet pads+PV

mode 1:
ACHPV

’ Removal of pre-

Placement of pre- Placement of pre-
cooling pads

cooling pads cooling pads

7.30 am
Switch-on recirculation pump

8.00 am
Switch-on AC unit

[} -
1 Data acquisition continues H Data pre-processing:
i 1 hourly/daily average

8.00 pm
Switch-off: AC unit + pump

>
———

S

9.00 pm
Stop data logging

Fig. 4. Flowchart showing the decisions and steps involved in performing a daily test.

To analyse the refrigeration cycle, it is useful to determine the
power consumed by the compressor alone using the following formula:

u/comp = Icomp Vgrid cos ¢ (9)

For energy analysis, power data in kW can be converted to energy
data in kWh by summing the products of the readings obtained for each
instantaneous magnitude and the time interval between two successive
measurements. In this way, the energy supplied by the grid and the
energy supplied by the photovoltaic panels are calculated using the

following equations:

n
Eyia = Z Weria,i 4 (10)
i

n
Ep = ) Wyt a1
i
The total energy consumption of the air conditioning system can be
calculated by:

Etr)tal = Epv + Egrid (12)

The solar contribution, defined as the ratio of the energy produced
by the solar panels to the total energy consumed by the equipment, is
calculated as:

E,,

SC(%) = 100 (13)

total
In order to evaluate the efficiency of the air conditioning system,
it is necessary to calculate the useful thermal energy delivered by the
equipment. The first step is to determine the refrigerant mass flow,
which is obtained by dividing the power consumption of the compres-
sor by the specific work. The specific work is the difference in enthalpy
between the inlet and outlet of the compressor, taking into account a
compressor loss of 5%, as recommended by the manufacturer. As a
result, an expression similar to that described in Aguilar et al. [23],
adjusted with experimental data, was used to calculate the mass flow
rate of refrigerant:

0.93W,
mref = h2 _C;l):np (14)

Once the refrigerant mass flow rate is known, the useful thermal
power is calculated by multiplying the mass flow by the enthalpy
difference between the evaporator inlet and outlet:

O = titger(hy = hg) (15)

The points where the refrigerant conditions were measured are
shown in Fig. 2. The Engineering Equation Solver software [24], which
includes a database of refrigerants and their properties, was used to
repeat the above process for each recorded data point. The useful
thermal energy delivered during a typical day (E,,;) is obtained by
summing the product of the useful power at each instant and the time
elapsed between data readings, expressed as:

n
Eunit = Z QiAt (16)
i

The energy efficiency of the air conditioner (EER,,;) and the en-

ergy efficiency of the system (EER,) are calculated according to the
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following expressions, where in the second case only the non-renewable
energy source is considered:

E,

EER,; = EL“‘I a7
total
E .

EERy, = E“—“‘; 18)
ari

The principles of heat and mass transfer between the humid air
stream and the water circulating in an evaporative conditioner are
described in Kuehn et al. [25]. Typically, parameters such as air tem-
perature drop (7;,—T,,q) and evaporative efficiency are used to describe
the operation of the evaporative conditioner. The evaporative efficiency
is an indication of the potential for evaporative cooling and is depen-
dent on the difference between the wet bulb and dry bulb temperatures
of the air, so it can be expressed as follows:

AT, T — T
gevap - a _ i mid (19)
ATa,max Tin - TWbA,amb

3.2. Uncertainty analysis

Uncertainty analysis in measurements of key performance param-
eters of the proposed system is performed based on the analytical
description of the measurement model using a top-down approach. The
individual sources of uncertainty are then propagated and combined
according to the recommendations of GUM-JCGM 100:2008 [26].

Accordingly, the measurement uncertainty in the total energy con-
sumption of the whole system during one day, ug,_, is the combination
of the measurement uncertainties of the calculated values of energy
supplied by the grid and by the photovoltaic panels, u Eyria and u Epe?
respectively. In other words,

_ 2 2 2 2
Ug . =k \/ Y Egria + YE,, F URie.oria T YRiepv (20

where k is the coverage factor for a corresponding level of confidence.

In order to estimate the error committed in the calculation of the
variables E,;q and E,, the error of propagation of the uncertainty
associated with the current and voltage measurements has been taken
into account, together with the error inherent in the Riemann sums
expressed by Egs. (10)-(11).

The uncertainty associated with left or right Riemann sums can be
estimated using the following expression,

2D

MnAt?
URie < ,—12

where » is the number of current and voltage data points per day over
the test duration (14h), 4t is the time interval (10s) between two
consecutive measurements and M is an upper limit for the derivatives
of Wy,iq and W, over the test duration.

On the other hand, AC and DC voltage (') and current (/) measure-
ments have been made for the calculation of E,;q and E,,,, respectively.
Since the mean values of V' and I have been obtained from simultane-
ous measurements of both quantities, these variables are correlated and
it is necessary to include their correlation coefficient in the evaluation
of uncertainties u Egria and u Epy» that is,

— 2,2 2,2
uEgrid - \/;Al cos d)\/lacuVac + Vacu],tlC + zrac Vac lacuVaCulac (22)

- 2,2 2.2
ug,, = \/;Al\/ldcquC + Vdculdc + 2rgcVaclacty, g, (23)

where r is the estimated correlation coefficient between V and I, and
cos ¢ is the power factor determined by an experimental correlation
from the mains voltage.

With respect to the uncertainties of the direct experimental voltage
and intensity measurements, u;, and u;, they are quantified as the com-
bination of the sources of uncertainty associated with the measurement
procedure. Assuming a uniform distribution for the accuracy of the
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voltage and intensity transducers (+tr,., see Table 2), the standard
uncertainty of the measurements can be expressed as,

— /2 2,2
Umeas = \/ Ug + Uy +ug, 24)

tr,
ly = e (25)

NG
where the following variables are considered to represent the standard
uncertainties associated with the measurements: u,,.,, for the combined
uncertainty of measurement; u., for the repeatability of transducer
readings; u,, for the accuracy of the calibrated transducer; uy, for the
reading accuracy of the data acquisition unit.

Similarly, it is possible to calculate the uncertainty of the remaining
performance parameters: solar contribution (SC), energy efficiency
ratio of the AC unit (EER,;) and energy efficiency ratio of the whole
system (EER,, ). Assuming that the individual measurements are un-
correlated and random, the uncertainty in the calculated quantity can
be determined as,

2
Uup 2 E .
Uer =k PV + P u (26)
* ( Etotal > ( E2 El()lul)

total

hl — h6 : 2 Mlyep : 2 2
UEER =k T ) Wiy + | — (uh1 +uh2)
I/thall VVtotal

) 172
tiger (R — hg) 2 2

_— : . 2

+< W2 “Waria * "W 27
total
UgER,; \ 2 EER,; 2

=k unit unit 28
uEER,yS‘ \/( 1 —SC> + <(] —SC)2 Usc (28)

where u;, ., u, and u, are calculated from the uncertainties in the
temperature and pressure measurements of the refrigeration cycle,
according to Egs. (24)-(25), and using the uncertainty propagation tool
of the Engineering Equation Solver (EES) software; Uiy and uyy,, are
calculated by dividing Eq. (22) by 1/nat.

According to this uncertainty analysis and considering a coverage
factor k = 2, corresponding to a confidence level of about 95 %,
the maximum relative expanded uncertainties have been obtained for
the following performance parameters: up =~ < 0.8%, ugc < 1.5%,
Uppr,, < 41% and ugge < 4.2%.

Finally, it was found that the main source of uncertainty for the
calculation method used in this study is related to the accuracy of the
AC voltage and current transducers (MCR-VAC-UI-O-DC and MCR-S-
1/5-UI-DCI-NC respectively). Therefore, if there is a need to reduce the
uncertainty of the values obtained for the key performance parameters
of the system, it will first be necessary to find an alternative for this
instrumentation.

On the other hand, if instead of calculating the refrigerant mass flow
rate (rn,.¢), we decide to purchase a Coriolis mass flow meter to perform
these measurements with a relative uncertainty of 0.2 % [27], the new
maximum relative expanded uncertainties for the energy efficiency
ratios will be: uggg < 2.2% and UEFR < 2.3%.

4. Experimental results
4.1. Results of daily measurements

This section shows two sets of measurements, both with pre-cooling
(mode 2) and without pre-cooling (mode 1) applied to the air con-
ditioning system on two different days, to illustrate the operation of
the laboratory prototype. These two days were chosen to ensure that
the environmental conditions were as similar as possible. To describe
the environmental conditions, Fig. 5 shows the results of the irradiance
recorded on 13 and 21 August. As can be seen, both days were quite
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Fig. 5. Measurements of solar irradiance: (a) on 13 August with air conditioning system operating in mode 1, (b) on 21 August with air conditioning in mode 2 with pre-cooling.
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Fig. 6. Ambient air temperature and relative humidity measurements: (a) on 13 August with air conditioning system operating in mode 1, (b) on 21 August with air conditioning

in mode 2 with pre-cooling.

similar and completely clear, with irradiance above 900 Wm 2 at mid-
day and total available solar energy of 6964 Whd ! and 7071 Whd !
respectively.

Dry ambient temperature and relative humidity also followed a
similar trend, see Fig. 6.

To describe the evolution of the air in the condenser in mode 1,
Fig. 7(a) shows the sensible heating of the air as it passes through the
heat exchanger. As there is no pre-cooling, the measurements at the
inlet and intermediate points (after the pad) are in agreement, except
for the uncertainty of the sensors. In mode 2, see Fig. 7(b), the air

passing through the evaporative section is cooled from approximately
30°C to 25°C. It should be noted that when the pre-cooling is active,
the relative humidity at the intermediate point is above 80 %.

Both processes are plotted on a psychrometric diagram which
clearly shows the almost isenthalpic evolution of the air in the evap-
orative section and the horizontal evolution of the psychrometric heat
transfer process as it passes through the heat exchanger. As expected
with the use of pre-cooling, Fig. 8 shows a significant drop in the
temperature of the air entering the condenser. The outlet conditions
should remain in the same horizontal plane as those corresponding



P. Martinez et al.

Applied Thermal Engineering 248 (2024) 123335

40 — 1 7 % L | T T ; T - 100
35 (a)
i e 1 80

30 f -

25 + 160

20 WM

15 L - 40

10 + ==
—~ | 420 &
S st E
e r =
5 0 P L . L R, . | 1 1 1 1 100 £
g} =
o r | =
8 35 (D) e - g
g L . W&'h"frvkw‘iymﬁ‘dﬁ“-‘-‘éﬁm 480 &
< 30 =
i’ &

25 60

20 g

15 L -{ 40

10 | Tiote — RHjjjer

L = Tintermediate — RHintermediate -1 20
5+ Toutter RHgutter
0 I L 1 L L | L L 1 L L 1 L L 1 L 1 1 i L 1 !
08:00 10:00 12:00 14:00 16:00 18:00 20:00
Time

Fig. 7. Air temperature and relative humidity measurements at the inlet, intermediate and outlet sections:

(b) on 21 August with air conditioning in mode 2 with pre-cooling.
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Fig. 8. Air psychrometric processes in the condenser: (blue) on 13 August with air conditioning system operating in mode 1, (red) on 21 August with air conditioning in mode 2

with pre-cooling.

to the intermediate point. However, the observed drop is due to the
mixing of the outlet air with the ambient air.

When analysing what happens in the evaporative section, the
greater difference between the wet bulb temperature and the ambient
temperature, which causes greater cooling, is found in the afternoon,
reaching values above 5°C. However, as described in the literature,
evaporative efficiency is independent of ambient conditions [28-30].
Since the AC unit operates at a load factor of 100 %, the volumetric
air flow through the condenser is maintained at a constant value of
1860m3h—! and the average air velocity through both the condenser
and the evaporative pads reaches an average value of approximately
1.3ms~1. Under these conditions, the evaporative efficiency remains

10

relatively stable throughout the day, see Fig. 9, with values in the range
of about 60 % to 70 %. The average evaporative efficiency for all tests
performed in this study was e.,, = 67.4 %.

The effect of pre-cooling the condenser air inlet temperature is
reflected in the thermal performance of the refrigerant inside the
unit. Fig. 10 shows the temperature and pressure of the refrigerant
throughout the refrigeration cycle. In Fig. 10(a) it can be seen that the
temperature at the compressor outlet is higher than 90 °C when pre-
cooling is not activated (mode 1). Conversely, Fig. 10(b) shows that this
temperature does not reach 80 °C when pre-cooling is activated (mode
2). The same applies to the pressure values of the refrigerant cycle and
Fig. 10(c) shows a condensation pressure of more than 25bar for the
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Fig. 9. Air temperature drop and evaporative cooling efficiency recorded on 21 August with air conditioning system operating in mode 2.
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Fig. 10. Development of refrigerant temperature and pressure: (a, ¢) on 13 August with air conditioning system operating in mode 1, (b, d) on 21 August with air conditioning

in mode 2 with pre-cooling.

entire operating time of the system without pre-cooling (mode 1) and in
Fig. 10(d) this value is reduced to levels below 23 bar with pre-cooling
(mode 2).

Fig. 11 presents the Mollier (p-h) diagram showing the changes in
the refrigerant cycle between the two days being compared. A clear
difference between the operating conditions of the refrigerant with and
without evaporative pre-cooling can be seen in this figure.

Fig. 12 shows, superimposed on the solar irradiance, the most
descriptive electrical power values of the system operation: the total
power consumed by the system, the power required from the grid and
the power coming from the PV modules. The management carried out
by the equipment between grid consumption and photovoltaic produc-
tion can be checked on the graph. The total electrical power consumed

11

by the air conditioning system in mode 1 is greater than 1000 W (peak
power of 1138 W) in the middle hours of the day. In this period of
the day, the peak power of the PV modules is 371 W, which implies
a module efficiency of between 11-12 %, and the grid power is 746 W.
The peak power consumed by the grid is 1035 W, which occurs between
7.00pm and 8.00 pm, when the solar contribution is negligible. In
terms of daily energy, the total energy consumed by the system is
13.1kWhd 1, the energy consumed from the grid is 10.2kWhd ! and
the energy provided by the PV modules is 2.9kWhd—!. This gives a
solar contribution (SC) of 22 %.

With evaporative pre-cooling activated for the condenser (mode 2),
there is a significant reduction in both peak power and daily energy
consumption. The total peak power consumed in this second test is
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Fig. 12. Solar irradiance and electrical power exchanged in the air conditioning system.: (a) on 13 August with air conditioning system operating in mode 1, (b) on 21 August

with air conditioning in mode 2 with pre-cooling.

874 W and the peak grid power is 793 W, a reduction of 23 % in both
cases. In terms of daily energy, the total energy consumed by the system
is 10.3kWhd !, the energy consumed from the grid is 7.1kWhd !
and the energy provided by the PV modules is 3.1 kWhd 1. With these
data, a reduction in total energy consumption of 3.0kWhd—1 (29.7 %)
is achieved. The average daily solar contribution rises to 31 % and
exceeds 47 % at midday.

From the set of measurements, the overall performance of the
baseline air conditioning system with air-cooled condenser (mode 1)
and the performance of the proposed system with evaporative-cooled
condenser (mode 2) were determined in terms of cooling capacity and

12

power supplied. The energy efficiency of the air conditioning unit was
calculated using Eq. (17) and the energy efficiency of the whole system
(AC unit + photovoltaic) is calculated by counting only the energy
consumed from the grid, Eq. (18). From the values shown in Fig. 13,
the average daily energy efficiency of the unit operating in mode 1 was
EER iy = 3.96 and the energy efficiency achieved in mode 2 with pre-
cooling was EER,,;; = 4.67. This difference in energy efficiency becomes
even greater when the EER  of the whole system is calculated for
the two operating modes: an average daily value of EER,,y = 5.18
was obtained in mode 1 compared to EER = 7.04 in the case of the

condenser with pre-cooling, reaching values of EER > 8.7 at midday.
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Fig. 13. Energy efficiency of the AC unit and energy efficiency of the whole system (AC unit + PV): on 13 August with air conditioning system operating in mode 1, and on 21

August with air conditioning in mode 2 with pre-cooling.

Table 3

Measurement of the psychrometric conditions in the evaporative pre-cooling section and calculation of the water consumption

of the system on 21 August with air conditioning in mode 2.

Time Tomp RH Thia RH Tyb.amb @ymb Drid Eevap Vw,ev ap Vi supply
°C % °C % °C kg, kg,! kg, kg, % Lh—! Lh—?
8h-9h 27.5 59.4 24.0 81.2 21.6 0.0137 0.0152 59.8 3.3 4.1
9h-10h 28.5 57.5 24.2 83.3 22.0 0.0140 0.0158 66.9 3.9 4.8
10 h-11 h 29.1 57.8 249 83.2 22.7 0.0147 0.0165 66.2 3.9 4.8
11 h-12 h 29.9 56.3 25.3 82.5 23.1 0.0149 0.0168 66.4 4.2 5.0
12 h-13 h 30.1 55.5 25.5 82.1 23.1 0.0149 0.0169 66.3 4.3 5.1
13 h-14 h 30.1 54.9 25.4 82.0 23.0 0.0148 0.0168 66.8 4.4 5.2
14 h-15h 29.9 54.4 25.1 81.7 22.7 0.0144 0.0164 66.6 4.4 5.2
15h-16 h 29.8 53.9 25.0 81.5 22.5 0.0142 0.0162 66.7 4.4 5.3
16 h-17 h 29.7 51.4 24.5 80.7 22.0 0.0134 0.0156 67.5 4.7 5.6
17 h-18 h 29.6 49.7 24.1 80.8 21.6 0.0129 0.0152 69.2 5.0 5.9
18 h-19 h 29.5 52.8 24.3 82.8 22.1 0.0137 0.0158 70.1 4.7 5.6
19 h-20 h 29.3 60.6 25.4 83.7 23.3 0.0156 0.0172 64.2 3.5 4.4
Average 29.4 55.3 24.8 82.1 22.5 0.0143 0.0162 66.4 4.2 5.1

4.2. Water consumption

In Section 2.2, an initial estimate of 9.6Lh—! for the water con-
sumption of the evaporative pre-cooling system was calculated from
Eq. (3), based on the technical specifications provided by the pad
manufacturer. In this section, the actual average water consumption is
calculated using Egs. (3) and (4), and the measurements taken on the
prototype.

Table 3 shows the measurements obtained during the test on 21
August with the air conditioner in mode 2, and the hourly evolution of
the system’s water consumption. The average hourly consumption for
this day was Vi, gy 2140 = 3.1 Lh70

As can be seen from this table, the actual water consumption was
much lower than previously estimated, mainly due to the fact that the
actual evaporative efficiency of the panels was also much lower than
the efficiency given in the technical specifications. The air conditioning
system consumed a total of 60.8 L during its 12 h of operation. Finally,
the average water consumption calculated over all the tests carried out
in similar environmental conditions was Vw,supply,avg =5.1Lh7", with a
range of variation between 4.5 and 5.9Lh—1.

Although the daily water consumption may seem high at first
glance, it is important to note that all tests were carried out with the
air conditioner in continuous operation, with a load factor of LF

13

100 %. Therefore, this consumption represents the maximum possible
for the given environmental conditions. Under normal air conditioner
operating conditions, a 40 to 60 % reduction in water consumption can
be expected. This water consumption can be further reduced if it is
possible to use the condensation water produced by the air conditioning
system, which can represent an additional saving on average of up to
20 % of the system’s water consumption and up to 35% on days when
the ambient relative humidity is above 65 %.

Daily water consumption is variable and depends mainly on the
ambient operating conditions of the system. Fig. 14 shows the esti-
mated maximum consumption of the air conditioning system operating
in mode 2 at 100% load factor, for the expected range of ambient
temperatures and relative humidities.

4.3. Results for different environmental conditions

This section presents the results of a series of tests carried out with
the air conditioning system operating in modes 1 and 2, under different
environmental conditions during a typical Mediterranean summer. In
order to assess the possible negative effect of the presence of the
cooling pads at the condenser inlet when not in use, the results have
also included the tests corresponding to the air conditioning system
operating in mode 3. As indicated in Section 2.4, in mode 3 the cooling
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Fig. 15. Total daily energy consumption of the AC system as a function of air condensation temperature and different operating modes during a typical Mediterranean summer.

pads are installed and the water recirculation is deactivated, so there
is no pre-cooling, but the pads continue to cause a pressure drop in the
air flow through the condenser.

In Fig. 15, the total energy consumption of the system over the
course of a day is plotted against the air condensation temperature.
Each point represents the integral or average value from 8.00 am to
8.00 pm for each test day. It can be seen that the tests carried out with
pre-cooling (mode 2) have a lower condensation temperature and, as
expected, the daily energy consumption is lower. On average, the total
daily energy consumption for the days in which the system operated in
mode 1 is 12.8kWhd~! and in mode 3 is 13.1kWhd—!, which shows
a fairly similar behaviour. In mode 2, the fact that the air condensation
temperature is reduced by pre-cooling makes it possible to reduce the
total daily energy consumption to 10.1kWhd !, as can be seen from
the graph in Fig. 15, and the average daily grid energy consumption to
7.3kWhd L. A standard AC unit without PV input or evaporative pre-
cooling would have drawn 12.8kWhd—! of energy from the grid, so

14

these two improvements represent an average 43 % reduction in energy
consumption.

Fig. 16 shows the daily energy drawn from the grid by the AC
system against the solar radiation. The test was carried out on mostly
clear days, but data for cloudy days is also included. It can be seen
that the more solar energy is available, the less energy is drawn from
the grid. It can also be seen that the consumption of non-renewable
energy is significantly lower in the pre-cooling mode, with a reduction
of around 2.7 kWhd—!. Fig. 16 also shows the minor negative impact
when the pads are permanently installed but not in use (mode 3) by
causing a pressure drop in the air flow through the condenser and
a grid power consumption slightly higher than the consumption in
mode 1. However, the magnitude of this negative impact does not
seem to justify the work involved in removing the panels when the
air conditioning system is operating in heating mode during the winter
season.
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Fig. 17. Solar contribution as a function of daily solar radiation during a typical Mediterranean summer. Performance comparison of different AC operating modes.

Regarding the solar contribution (SC) in the AC system under differ-
ent irradiation conditions, Fig. 17 shows that solar contribution values
of more than 30 % are achieved when pre-cooling is used on clear days.
This is in contrast to operating the system under standard operating
conditions without pre-cooling, where only 25 % solar contribution is
achieved. On average, the solar contribution in mode 2 is 45 % higher
than in modes 1 and 3.

The effect of reducing the condensing temperature on the refriger-
ation cycle is shown in Fig. 18. The EES software [24] was used to
calculate the thermodynamic properties of R410A refrigerant based on
the assumptions described in the methodology Section 2. The graph
shows the significant improvement in the energy efficiency ratio of the
AC unit (EER,,;) when the pre-cooling is activated.

In Fig. 18, a sub-graph has been added to show the effect of
variations in ambient conditions on the efficiency of the AC unit op-
erating in mode 2. The variations of T, and RH,,,, can be considered
together by calculating the variable AT, The sub-graph shows that,

,max *

15

for example, if we consider constant ambient temperature conditions,
a decrease in ambient relative humidity causes an increase in AT, .,
and therefore an increase in the capacity of the evaporative pre-cooling
system to cool the air flowing through it, which ultimately translates
into an increase in the efficiency of the air conditioner.

Considering only the non-renewable energy consumption, the en-
ergy efficiency ratio of the system (EER,) can be calculated by taking
into account the EER,; and the solar contribution. Fig. 19 shows
the energy efficiency ratio of the system as a function of the so-
lar contribution for several daily tests carried out during a typical
Mediterranean summer. To confirm the measurement procedure, the
graph also includes experimental data from a similar study carried out
by Aguilar et al. [S]. The agreement between the experimental data
obtained in this study and the previously published data by Aguilar
et al. [5] is evident, despite the fact that these authors carried out
their tests on a different type of building, with different environmental
and operating conditions and with a different number of PV modules.



P. Martinez et al.

Applied Thermal Engineering 248 (2024) 123335

6 T T T T T T T T T T T T T T T T . T T T - T T
L Pearson's r -0.99591
L Adj. R-Square 0.99139
5L Intercept 7.42792 £ 0.06952 N
| — _%i ; Slope -0.11166 £ 0.00239
L u‘%n—-\,
/T L T — —
= T it
4 - (\ = %- 2 o F -
s N THees ]
48— — T
= [
by | I [Pearson'sr 0.95413 o] ]
= | [Adi.R-Square 039243 -9
s 3+ Intercept 3.77027 012153 “ —
= [ [Slope 0.12598 £ 0.01768 ; 1
m r L 2% a
m | s 2 >F
< 3 ] ) 1
2L £ | 227 | o
r s ’., ; - © ACmode 1 1
L L e .~ ] ® ACmode?2 4
+ F -7 e 1 ® ACmode 3 1
1k e 1 - - - -linear regression -
L 45 PR SRS S Y P— 95% confidence band ]
| 6.0 6.5 dao 7 8.0 95% prediction band
I AT, g (°C) ]
0 . . A A M B . . 1 . A R [ L
22 24 26 28 30 32 34
o
ATcuncl-evap ( C)

Fig. 18. Energy efficiency ratio of the unit as a function of the temperature difference between the evaporator and condenser during a typical Mediterranean summer. Performance

comparison of different AC operating modes.

10 I e B — T T
[ ® ACmode 1 ]
8 [ @ ACmode?2 7]
F ® ACmode3 . 1
T gL © Aguilaretal[l1] 6 © 0 ® ® oo 1
ot ¢ %® ]
o [ o] i
o 4l es® s®s a®® -
m [ j
2L ]
(1)) S H R RS R i v o5 v lemege Ps v ol vwg e
0 5 10 15 20 25 30 35 40 45
SC (%)
—————— T A A A I
L ol
60 - @ ACmodel y = Al*exp(-x/t1) +y0 4 —
I @ ACmode2 Reduced Chi-sqr 437242 /Q' 1
r ® ACmode3 Adj. R-Square 0.96544 4 1
3 r © Aguilaretal. [11] yo 4.43729 + 0.50298 ,’6 ]
T 40 - ___ -exponential regression Al 0.14648 £ 003045 %' i
& r 95% confidence band 8 1552323 +0.5674
ﬂ | 95% prediction band i (€] ]
(@}
20 ¢ _
F @ O%@ e° g
- - pge—sa- L P -
0»--——»-]—... I = I I I I I ]
0 10 20 30 40 50 60 70 80 90 100

Fig. 19. Energy efficiency ratio of the system as a function of solar contribution during a typical Mediterranean summer. Performance comparison of different AC operating modes.

The results in Fig. 19 show that the evaporative pre-cooling mode
provides the highest EER,, values for a given solar contribution, with
values ranging from 5.9 to 6.5 in mode 2, with an average value of
EERy = 6.17. Compared to AC mode 1, the graph also shows that with
pre-cooling enabled, there is a significant improvement in the energy
efficiency ratio of the system, increasing the average EER from
4.16 to 6.17.

system

4.4. Techno-economic analysis

This section presents a brief techno-economic analysis to evaluate
the energy savings and environmental impact of using solar energy
and evaporative pre-cooling when the proposed air conditioning system

operates in modes 1 and 2, compared to a standard air-conditioning
system without PV input.

To carry out this analysis, experimental data on heating and cooling
energy demand collected by the authors over a whole year in a 35m?
office located on the second floor of an office building in southeastern
Spain were used [5]. The indoor unit was placed inside the office,
while the outdoor unit was installed on the roof of the building. Typical
occupancy profiles were observed as during office hours, from 8.00 am
to 8.00 pm. The simulation of the behaviour of the proposed system
takes into account that the air conditioning system operates in heating
mode from November to April, powered simultaneously by the grid
and the PV panels, and in cooling mode (in operation modes 1 and 2)
from May to October. The air conditioning control has been configured
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Table 4
Techno-economic analysis and performance statistics over one year of simulated operation of the air conditioning system in an office space located in southeastern Spain.
Reference AC* Standard AC" AC mode 1 AC mode 2

Energy savings

Annual energy balance (kWhyr—1)
Thermal energy supplied, %, E,,; ; 6523 6523 6523 6523
Grid energy consumption, X E,; 2609 1470 679 625
EER, () 2.50 4.44 9.61 10.44
SC (%) - - 53.8 55.9

Environmental impact
Primary non-renewable energy (kWhyr—1) 5236 2950 1362 1254
CO, emissions (kgyr—1) 931 525 242 223

Economic analysis

Capital investment costs (€)
PV panels (750 Wp total) - - 272.00 272.00
Support for PV panels - - 215.00 215.00
Air Conditioner 850.00 1315.00 1315.00 1315.00
Evaporative pads - - - 50.00
Pump system - - - 55.00
Design/planning/other costs 200.00 200.00 200.00 200.00
General installation costs 300.00 500.00 760.00 800.00
Indirect costs 75.00 125.00 190.00 200.00

total 1425.00 2140.00 2952.00 3107.00

Annualised replacement costs (€yr—1)
PV panels (25 yr lifetime) - - - -

Air Conditioner (18 yr lifetime) 11.15 17.25 17.25 17.25
Evaporative pads (6 yr lifetime) - - - 7.75
total 11.15 17.25 17.25 25.00

Maintenance (€yr—!)
PV panels - - 30.00 30.00
Air conditioner 60.00 60.00 60.00 60.00
total 60.00 60.00 90.00 90.00
Operating costs (€yr—1)
Electricity consumption cost 386.13 217.52 100.46 92.44
Electricity capacity cost 90.00 90.00 90.00 90.00
Water consumption 4.71
total 476.13 307.52 190.46 187.15
Annualised costs (€yr—1)
Investment 79.45 119.32 164.59 173.23
Replacement 11.15 17.25 17.25 25.00
Maintenance 60.00 60.00 90.00 90.00
Operation 476.13 307.52 190.46 187.15
total 626.73 504.08 462.30 475.38
Financial metrics
CR (-) ref. 0.80 0.74 0.76
(cost ratio) ref. 0.92 0.94
Payback (yr) ref. 4.61 6.68 7.54
(discounted payback period) ref. 11.11 14.40
SIR (-) ref. 2.96 1.85 1.55
(discounted savings to investment ratio) ref. 0.87 0.54
NPV (€) ref. 2114.92 2818.79 2611.07
(net present value) ref. 703.87 525.52
Reference costs and energy factors
Consumption-based costs
Electricity (energy costs)® 0.148 €kWh—!
Electricity (power costs) 90 €yr!
Water 1.90 €m—3
Economic-based costs
Period under consideration 25 yr
Inflation rate 3%
Market discount rate 3%
Energy conversion factors [31]
primary non-renewable energy (kWh, kWh,—1) 2.007
Emissions factor (kgco, kWh, —1) 0.357

2 Low price/performance air conditioner used as a benchmark.
b Standard air conditioner model without photovoltaic energy input.
¢ Average price of the PVPC regulated tariff in Spain in 2023.
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to meet the thermal needs of the office space under normal activity
and occupancy conditions. For the purposes of the study, the indoor
thermostat temperature was set at 23 °C in cooling mode and 21 °C in
heating mode.

Table 4 shows the results of the system performance simulation
over one year of operation, maintaining the comfort conditions of the
reference air-conditioned office. In order to simulate the behaviour of
the air conditioning system, the correlations previously obtained were
taken into account to calculate the EER,,; and EER, in modes 1
and 2, depending on the operating parameters of the system and the
environmental and solar radiation conditions. The following correlation
has also been taken into account to estimate the EER,;, value when the
air conditioner is operating at partial loads:

EER,; = 5.7055 — 0.0474AT, ;4 + 4.3236LF — 0.00094T,,,,LF — 7.1835LF>
(29)

where LF is the load factor and AT, is a centred value of T,,;; with
respect to a reference temperature of 25 °C.

In order to assess the environmental and economic feasibility of the
proposed system, four different system configurations are studied, as
shown in Table 4: reference AC, standard AC, AC mode 1 and AC mode
2. The reference AC is a low cost/performance air conditioner used as
a benchmark, consisting of a reversible air conditioner for heating and
cooling, which is a very common solution for space cooling/heating of
buildings in the Mediterranean region. The unit is considered to have
a seasonal efficiency of 2.5. The standard AC and AC modes 1 and
2 consist of the same high-efficiency AC model unit running in three
different operating modes, where in standard mode the air conditioner
operates without photovoltaic energy input or evaporative pre-cooling
in the condenser.

The results of the performance simulation of the AC system shown
in Table 4 indicate that, from the point of view of the environmental
impact of the system, when the AC system operates in modes 1 and 2,
a significant reduction in primary energy consumption and greenhouse
gas emissions is achieved, thus benefiting the environment. When
operating in mode 2, the system achieves an 8.0 % reduction in primary
energy consumption and CO, emissions compared to mode 1, and a
57.5 % reduction compared to the standard AC unit. Compared to the
reference AC unit, the reduction in primary energy and CO, emissions
in mode 2 is up to 76.1 %.

On the other hand, for the economic feasibility study, two scenarios
were considered to assess the profitability of modifications to the base
air conditioning system. In the first scenario, the reference AC unit
was used as a benchmark and in the second, the standard AC unit
was used for this purpose. Four financial indicators were calculated
to assess the feasibility of the modifications made: cost ratio (CR) or
ratio between the total annualised cost of the analysed system and the
reference system for the same heating and cooling supply, discounted
payback period, discounted savings to investment ratio (SIR) and net
present value (NPV).

The economic results in Table 4 show that even with electricity
prices as low as those reported for 2023 in Spain, with an average
value of only 0.148 €kWh !, operating modes 1 and 2 are acceptably
cost-effective compared to the standard AC unit. A cost ratio of 0.76
and 0.94 of the AC operating in mode 2 compared to the reference
AC and standard AC, respectively, indicates that the on-grid hybrid
solar air conditioner with evaporative pre-cooling is less expensive
than the business-as-usual systems over its entire lifetime. Discounted
payback periods of 11.1 and 14.4 years were obtained for modes 1
and 2 respectively. The payback period changes drastically when the
electricity price increases and, for example, at a value of 0.30 €kWh 1,
the payback period is reduced to only 4.2 and 4.8 years for modes 1 and
2 respectively. As can be seen from the results of this case simulation,
for the reference electricity price used in the calculations, mode 2 has
no economic advantage over mode 1, with NPVs of 704 € and 526 €
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associated with the investments needed to operate in modes 1 and
2 respectively. However, at a price of 0.34€kWh~1, modes 1 and 2
are equally profitable, with a high NPV of 3350€, and at this price
mode 2 starts to be more profitable than mode 1. Furthermore, in this
annual comparison, it should be noted that mode 2 is only active for
half of the year, from May to October, so it will generally be a much
more advantageous option for air conditioners that only meet cooling
demand.

5. Conclusions

Experimental tests have been carried out to investigate the thermal
and electrical improvement of a grid-connected hybrid solar air con-
ditioning system when using an evaporative pad pre-cooling system at
the condenser unit. The results of two days of similar test conditions
comparing the effect of evaporative cooling activation were analysed
from an energy point of view. A series of daily data collected during
the summer in a Mediterranean climate were also compared from an
energy point of view. The main conclusions are:

It has been found that with a 100 mm-thick evaporative pad,
an evaporative cooling efficiency (e.,,) of between 60% and
70 % can be achieved, with an average evaporative efficiency for
all tests performed in this study of e,, = 67.4%, resulting in
a drop in inlet air temperature of around 6 °C at midday. This
improvement in the condenser inlet air allows the high pressure
of the refrigerant circuit to be reduced by approximately 2 bar,
resulting in a 18.3 % improvement in the energy efficiency ratio
(EER,;;) of the AC unit.

By activating the evaporative pre-cooling of the air flow through
the condenser (mode 2), a significant reduction in peak power
consumption is observed. The total peak power consumption in
these operating conditions is 874W and the peak grid power
consumption is 793 W, a reduction of 23 % in both cases.

The solar contribution achieved by the system for different irra-
diation conditions with pre-cooling exceeds 30 % on clear days.
However, the solar contribution of the air conditioning system
with a standard condenser without pre-cooling is only 25 %.
From a daily energy point of view, the total energy and grid
energy consumed by the air conditioning system was measured,
taking into account the photovoltaic contribution. Although the
photovoltaic contribution and the improvement in the energy
efficiency of the air conditioning system due to the evaporative
pre-cooling provide independent benefits, together they result in
a maximum reduction in total average daily energy consump-
tion from 12.8kWhd ! to 7.3kWhd 1, which represents a 43 %
reduction in energy consumption.
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