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Currently, a majority of global residential air-conditioning requirements are met using cooling systems based on
the vapor compression cycle (VCC). To meet the future demand for space cooling and to reduce the corre-
sponding environmental impact, there is a need for alternative cooling systems which require less resources and
exhibit a higher coefficient of performance (COP). One of proposed alternatives is called the hybrid evaporative-
vapor compression (HEVC) cycle, which utilizes adiabatic latent cooling in combination with the VCC. In this
paper, we conducted a feasibility analysis of a HEVC system by comparing its performance to that of VCC for
various global climates. To accomplish this, we developed and validated models to simulate the performance of
residential VCC and HEVC systems. ASHRAE weather data and design conditions were then used to compare the
performance of the two systems. In general, HEVC systems are best suited for hot arid climates with energy
reduction greater than 20%. Conversely, humid climates are not suitable for HEVC adoption due to degraded
performance of evaporative coolers in these climates. In addition to comparing the energy savings from HEVC
systems, it is also critical to analyze their water consumption. Generally, climates that benefit the most from
HEVC technology tend to also experience water scarcity issues. Thus, both the energy savings and water con-

sumption of HEVC systems must be analyzed to guide the discussion on their adoption.

1. Introduction

Rapid urbanization and rising temperatures from anthropogenic
climate change have led to a significant increase in the demand for space
cooling technologies. This growth, if left unabated, will significantly
increase global energy consumption and the need for more power gen-
eration. According to a projection by the International Energy Agency
(IEA) [1], commercial and domestic space cooling will account for 37%
of the global electricity demand by 2050. The IEA report [1] also
highlights the urgency in improving the energy efficiency of our existing
air-conditioning technology. For example, a twofold increase in energy
efficiency of the current market average may result in a 45% lower
global cooling energy demand in 2050. A recent survey of the global air
conditioning market reveals that the average efficiency of the air-
conditioners being currently being sold is less than half compared to
the top-tier expensive air-conditioning products [2].

Currently, a majority of our existing domestic air-conditioning needs
are met using a relatively mature and well-understood technology called
vapor compression cycle (VCC) [3,4]. Generally, the equipment based
on VCC has been optimized to the point where further efficiency
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improvements require a significant increase in their cost. The
compression work for these systems is comparatively high. This is
especially the case for hot and dry climates, where the standard VCC
systems experience a significant efficiency penalization due to high
condenser temperatures and consequently, higher compression power
requirements. Past research on the topic indicates that the coefficient of
performance (COP) of these systems decreases by 2-4% for every 1 °C
increase in the condenser temperature [5].

While many alternative technologies (such as ejector enhanced VCC,
VCC with multi-stage compression, VCC with suction-line heat
exchanger, etc. [6,7]) are being explored, hybrid evaporative-vapor
compression (HEVC) systems are a promising low-cost energy efficient
alternative to standard VCC air-conditioners [8-12]. Pre-cooling of
outdoor air through an evaporative cooler attached to a VCC system
lowers temperatures in the VCC condenser, and consequently, enables
the VCC system to operate more efficiently by reducing the compression
work.

Although HEVC is an attractive low-cost cooling technology, it is
critical to analyze the performance of HEVC systems for different cli-
mates and identify the climates which are best suitable for HEVC sys-
tems. During direct evaporative cooling, the wet bulb temperature does
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Nomenclature

Symbols

Ag frontal area of the evaporative pad (m?)

[N specific heat capacity (kJ kg 'K")

CcoP coefficient of performance (-)

f frequency (hz)

h specific enthalpy (kJ kg™

In natural logarithm (-)

m mass flow rate (kg s h

p pressure (kPa)

PR ratio of discharge pressure over suction pressure in the VCC
O

Q heat duty (kW)

s specific entropy (kJ °C™! kg™1)

T temperature (°C)

w power (kW)

WMO World Meteorological Organization (-)

Greek Letters

a heat transfer coefficient (kW m 2 K1)

U mass transfer coefficient (kg m2sh

Ax segment length of the evaporative pad (m)

Nevap saturation efficiency of the evaporative media (-)
7 isentropic efficiency of the VCC compressor (-)
Mol volumetric efficiency of the VCC compressor (-)
0] specific humidity (kg kg™ 1)

p density (kg m~3)

& specific surface area of the evaporative pad (m?m3)
subscripts

a air

Cc condenser

DB dry bulb

E evaporator

i segment number

ref refrigerant

SC subcooling

SH superheating

v water vapor in air

w make-up water in the evaporative cooler

WB wet bulb

not change from the inlet to the outlet, and the dry-bulb temperature of
the air may not be cooled below the wet-bulb temperature. Additionally,
the rate of mass transfer during the evaporation process directly depends
on the relative humidity of the outdoor air. Since hot dry air is able to
absorb a relatively greater amount of moisture compared to cold humid
air, implementing HEVC systems in humid climates will provide lower
energy savings compared to hot and dry climates.

Furthermore, past laboratory-scale experimental investigations on
HEVC often consider tap water as a “free resource” while assessing the
feasibility of HEVC systems. However, many recent studies emphasize
the importance of conserving freshwater [13]. Of particular concern is
the nexus between water and energy production. Currently, an unsus-
tainable amount of water is used for electricity production [14]. As the
global population and energy demands continue to grow, the avail-
ability of water will become a significant issue and will affect our ability
to generate energy [15]. Areas that would benefit most from HEVC
systems are generally in hot and dry climates which also tend to
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experience water scarcity. Therefore, water should be treated as a crit-
ical resource and any new energy-saving solution must also consider the
impact of its water usage on the global freshwater reserves.

Thus, in this paper, we investigated the feasibility of HEVC system by
comparing its performance to that of VCC systems for 21 different global
climates. The goal of this research is to identify the climates which are
best suited for HEVC systems. The remainder of this paper is organized
as follows. Section 2 gives a brief overview of the prior work on HEVC
systems. Section 3 describes the methodology, data and assumptions we
employed to develop our models. Using these models, we investigate the
energy savings potential of utilizing low-cost residential HEVC systems
and compare them to VCC systems. Section 4 discusses the analysis re-
sults and implications of our findings. Section 5 summarizes the
conclusions.

Evaporative Cooler

Sprinkler

Cellulose
Pad

Condenser

Fig. 1. A schematic of the hybrid evaporative-vapor compression system.
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2. HEVC system overview and literature review

Fig. 1 shows a schematic of a HEVC system, which comprises of a
standard VCC system and a direct evaporative cooler attached to the
VCC condenser. A small pump is used to feed utility water at top of a
porous evaporative media, which may be constructed out of low-cost
materials such as cellulose, polyvinyl chloride (PVC), polyester, etc.
The outdoor air flowing through the evaporative cooler undergoes
adiabatic cooling as evaporation occurs on the surface of the evaporative
media.

Fig. 2 shows a representative comparison of temperature-entropy
diagrams for two cases at the same operating conditions; 1) a standard
VCC and 2) an HEVC. Note, in this diagram, the condensation happens
between state points 2 and 3. We observe that the pre-cooling of outdoor
air using evaporative cooling results in lower temperatures in the
condenser, and consequently, enables the VCC system to operate much
more efficiently by reducing the compression work.

A review of the literature reveals several past analytical and exper-
imental studies which investigate the benefits of incorporating evapo-
rative cooling into VCC systems. Among the earliest investigations on
the topic, Goswami et al. [16] retrofitted the condenser of an 8.8 kW air-
conditioner with a 20.3 cm thick evaporative cooling pad and a re-
circulating water pump (similar to the configuration shown in Fig. 1).
They measured and compared the performance of the system with and
without the evaporative cooler. The testing was conducted during the
summer months in Gainesville (Florida, USA) where the climate classi-
fication according to Koppen-Geiger criteria is Cfa. Their experiments
confirmed that pre-cooling the outdoor air using evaporative cooling
resulted in a lower condenser pressure in the air-conditioner and
consequently resulted in an approximately 17-20% reduction in
compressor power consumption.

Hajidavalloo and Eghtedari [17] retrofitted a 5.3 kW split air-
conditioner with a 5 cm thick cellulose pad. Testing was conducted for
outdoor dry-bulb temperatures ranging from 35 to 49 °C and outdoor
relative humidities ranging from 12 to 40%. They observed a COP
enhancement ranging from 32 to 51% during the testing of HEVC sys-
tem. The performance of HEVC system was less sensitive to changes in
the outdoor dry-bulb temperature compared to the VCC system without
the evaporative cooler. Additionally, the water consumption of the
evaporative cooler ranged from 7 to 8.2 L/hr for the conditions
investigated.

Similar superior performance of HEVC systems have been reported

100

vCC
90} | HEVC s

80

70

60
3141 kPa
2656 kPa

50

Temperature (°C)

1164 kPa

1.00 1.20 1.40 1.60 1.80 2.00 2.20
Specific Entropy (kJ kg™ K)

Fig. 2. Temperature versus specific entropy for both vapor compression cycle
and hybrid evaporative-vapor compression systems. For both the cases, the
outdoor dry bulb temperature and humidity were equal to 35 °C and 40%,
respectively. The indoor dry bulb temperature was 26.7 °C. The modeling
methodology is provided in Table 2.
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by other investigations on the topic [10,11,18,19]. These results suggest
that hot and dry climates (classified as BSh, BSk, BWh, and BWk by the
Koppen-Geiger criteria) will certainly benefit from the adoption of
HEVC systems. However, it is important to note that a majority of the
testing in the literature was conducted at relatively high outdoor dry-
bulb temperatures (usually above 35°C and low relative humidities
(usually below 40%). The trends from these studies may overpredict the
performance of HEVC systems in cold and humid climates. Thus, there is
need to investigate the performance of HEVC in all of the global cli-
mates. Such analysis is critical to guide future energy policy discussions
and for identifying the most sustainable, environment-friendly space
cooling technologies.

3. Modeling approach
3.1. Climate conditions

Table 1 lists the climate classifications, along with the details of cities
that were considered during this study. This analysis was conducted for
twenty-one different climate conditions, based on the widely-cited
Koppen-Geiger climate classifications [20]. To compare the perfor-
mance of HEVC and VCC systems in these climates, thermodynamic
models were developed for both configurations. For HEVC system, the
annual rates of water consumption for different climates are also
determined. These model estimate the energy consumption and cooling
capacity of the system based on the ASHRAE weather data [21].

For each city, ASHRAE [21] provides monthly design conditions that
are representative of the local weather for that month. These values
were derived by conducting a temperature-bin analysis on the hourly
weather data. The design temperatures are selected such that they sta-
tistically have a low probability of being exceeded. In the current study,
the selected design temperatures correspond to a statistical 95% confi-
dence interval. Additionally, there are two types of design conditions.
The monthly design dry bulb and mean coincident wet bulb tempera-
tures are used for processes that are driven by heat transfer with the
ambient. Conversely, monthly design wet bulb and mean coincident dry
bulb temperatures are more appropriate for applications with evapora-
tive heat and mass transfer [21]. Thus, in the current study, the outdoor
conditions for VCC and HEVC were set based on monthly design dry bulb
and monthly design wet bulb temperatures, respectively. Fig. 3 shows a
distribution of the design temperatures considered in this study.

3.2. Vapor compression system

To simulate the performance of a VCC, a thermodynamic state point
model was developed using the Engineering Equation Solver (EES)
program [22]. The approach followed here is summarized in Table 2 and
is often employed in the literature to investigate VCC modifications, as
well as for screening new refrigerants [3,7,23]. In particular, readers are
referred to Domanski and McLinden [24] for an in-depth review of the
different methods used to model vapor compression systems. In this
model, the refrigerant-side pressure drop in the heat exchangers was
assumed negligible. The dry bulb and wet bulb temperatures of the
cooled space were set as 26.7 °C and 19.4 °C for all the simulations in
this study, which is based on testing guidelines specified by the AHRI
Standard 210/240 [25]. The condensation saturation temperature was
assumed to be 15 °C higher than the outdoor air dry bulb temperature,
while the evaporation temperature was assumed to be 15 °C lower than
the indoor air dry bulb temperature. The superheat in the evaporator
and subcooling in the condenser were set equal to 5 °C. Lastly, the
expansion process in the expansion device was modeled as isenthalpic.

The compressor model was informed by our prior experimental
testing of a fixed-speed 3.5 kW air-conditioner, with an EER equal to 3.5
W/W. The working fluid in the system was R32. Testing was conducted
in the psychometric test chambers at Lawrence Berkeley National Lab
and followed the procedure outlined by AHRI Standard 210/240 [25].
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Table 1
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List of cities considered in this study and their climate classification based on the Koppen-Geiger criteria [20,21].

Koppen-Geiger climate classification Country City WMO station identifier Elevation (m) Annual cooling hours* (hr)
Af Tropical (Rainforest) Singapore Paya Lebar 486940 20 15576
Am Tropical (Monsoon) Cameroon Douala 649100 10 9738
As Tropical (Savanna, dry summer) India Indore 427540 564 15338
Aw Tropical (Savanna, dry winter) USA Key West 722010 1 8844
BSh Arid (Hot steppe) Pakistan Lahore 416400 215 22860
BSk Arid (Cold steppe) USA Denver 724690 1612 2111
BWh Arid (Hot dessert) USA Phoenix 722780 337 25472
BWk Arid (Cold dessert) Iran Isfahan 408000 1546 9543
Cfa Temperate (No dry season, hot summer) Italy Milan 160800 108 1974
Cfb Temperate (No dry season, warm summer) France Paris 071560 77 518
Csa Temperate (Dry summer, hot summer) USA Sacramento 724830 5 4366
Csb Temperate (Dry summer, warm summer) USA Seattle 727930 113 277
Cwa Temperate (Dry winter, hot summer) India New Dehli 421820 215 21757
Cwb Temperate (Dry winter, warm summer) Mexico Mexico City 766793 2230 317
Dfa Continental (No dry season, hot summer) Japan Sapporo 474120 26 257
Dfb Continental (No dry season, warm summer) Canada Montreal 716120 73 409
Dsa Continental (Dry summer, hot summer) USA Salt Lake 725720 1288 4181
Dsb Continental (Dry summer, warm summer) USA Lake Tahoe 725847 1925 243
Dwa Continental (Dry winter, hot summer) China Beijing 545110 35 3353
Dwb Continental (Dry winter, warm summer) Russia Khabarovsk 317350 75 448
Dwc Continental (Dry winter, cold summer) Russia Chita 307580 693 488
" The annual cooling hours are based on reference temperature equal to 26.7 °C.
50 T T T T Table 2
Modeling equations for the vapor compression cycle.
State Description Equation(s)
—
9 40 L . 1 Evaporator outlet Tg = Tpg indoor —15°C
e
Tsy =5°C
e T, SHT T.
s 1 =T + Tsu
E 30t 1 Py = f(Tg)
) hy =f(P1,T1)
g' s1 = f(T1,P1)
ﬁ 20! 1 2 Compressor outlet Ty = f(P2,h2)
o Py = f(Tc)
= has = f(P2,51)
o W
210t Monthly Design Wet Bulb and| 2=t
(m] Mean Commfient Dry Bulb 3 Condenser outlet Tc = Tpg.outdoor + 15°C
Monthly Design Dry Bulb and Tee = 5°C
Mean Coincident Wet Bulb To = T —T.
0 | - - - 3 = Tc—Tsc
P3 =P,
0 10 20 30 40 50
4 E i I tlet T4 = f(P4,h.
Wet Bulb Temperature (°C) xpansion valve outle 4 =f(Pasha)
Py =P
Fig. 3. Distribution of design dry bulb and wet bulb temperature for 21 hy = hs
different climates listed in Table 1. Data from 2017 ASHRAE Handbook: Fun- - Cooling capacity Q= )
damentals[21]. - Power W= Wc + Wfan,mdoor + Wfan,outdoor
_ cop COP = Qz/W

The measured data were first used to evaluate the isentropic and volu-
metric efficiencies during the operation of the system. Using a simple
regression analysis, the isentropic efficiency of the compressor was then
correlated to the pressure ratio in the system (discharge pressure divided
by the suction pressure):

1, = 0.764 — 0.0465PR €y

For a given pressure ratio, the isentropic efficiency and Eq. 2 can be
used to determine the power consumption of the compressor.
_ mref(hz.s - hl)

r]S

W, (2)
where ris and h; are the mass flow rate and suction enthlapy at the
compressor inlet. hy is the isentropic discharge enthalpy evaluated at
the discharge pressure and suction entropy.

A = f(B) denotes that A is a function of B.

Similarly, the expression for volumetric efficiency of the compressor
was experimentally determined to be:

Ml = 1.091 — 0.0691PR 3)

The actual refrigerant mass flux is then equal to the theoretical mass
flow rate multiplied by the volumetric efficiency:

Tityer = ef theotyor = (Vaisplacemend P1 Mvor (4)

where Vigpiacemen:: f and p; are the compressor volumetric displacement,
compressor rotational speed (revolutions per second) and refrigerant
suction density, respectively.

Finally, the total power consumption, cooling capacity, and system
COP are evaluated using the relations presented in Table 2.



T.A. Jacob et al.

Experimental testing of HEVC and VCC systems by Martinez et al. [10]
suggests that the addition of evaporative cooling pad may not signifi-
cantly affect the power consumption of the outdoor fan. Therefore, to
simplify the analysis in this paper, the power consumption of the indoor
fan and outdoor fans were assumed to be constant equal to 30 W and 60
W for both HEVC and VCC systems.

3.3. Evaporative cooler

The heat and mass transport phenomena during evaporative cooling
have been studied extensively in the past literature [26-30]. An in-depth
review of the modeling methods and assumptions revealed that there
was lack a of agreement between these studies. Consequently, their
conclusions differed as well. Therefore to simulate evaporative cooling
for this study, we used an understanding of first principles as well as the
findings from the literature to develop a discretized 1-dimensional
model. We made the following assumptions to simplify the analysis:

1. The process is adiabatic and the heat transfer between the sur-
rounding is considered negligible.

2. The temperature and relative humidity of the humid air are uniform
in all planes, except for the plane parallel to the airflow i.e. 1D
model.

3. The water distribution on the evaporative media is uniform.

4. The inlet temperature of the make-up water is equal to the outdoor
wet bulb temperature.

5. The convective heat and mass transfer coefficients are constant
throughout the evaporative media.

Fig. 4 shows a schematic of the evaporating cooling process. The
evaporative media was discretized in the direction parallel to the air
flow, with thickness Ax. In the model, the pad thickness and segment
thickness were set equal to 100mm and 5mm, respectively. This resulted
in a total 20 segments. For each segment, the air mass balance can be
expressed as:

ma,i = mﬂ.iJrl (5)

where i denotes the segment number. Similarly, the water mass balance
can be written as:

Ty = My i1 — Bty = Mg (@i — 0;) (6)
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where r, ;, m, and w are the mass of evaporated water in segment i, the
mass of water vapor in the air and air humidity ratio, respectively.
The energy balance in the segment i can be written as:

0, = 1y, [(haist + hoi1®i1) = (hag + how;)] + i ih, 7

where h,, h, and h,, are the enthalpies for air, water vapor and make-up
water, respectively. Q; is the heat absorbed due to evaporative cooling,
which can also be expressed in terms of the convective heat transfer
coefficient, a:

: (Tappi — Tw) = (Tapsir1 — Tw)

Qi = gA/'Axa (Tappi=Tw) (8)

(Tappit1=Tv)

In

where ¢ and Ay are the specific surface area and frontal area of the
evaporative pad. Corrugated cellulose was selected as the material of
construction for the evaporative media due to its widespread adoption in
the evaporative cooling industry. Specifically, we considered the prod-
uct with the commercial name CELdek7060, which has a specific surface
area equal to 363 m 2 m °. The convective heat transfer coefficients
were evaluated from the correlation suggested by He et al. [30], who
systematically investigated the performance of evaporative cooling
using cellulose and polyvinyl chloride (PVC) pads.

For air-water mixtures, the Lewis number is approximately equal to
one [21]. Therefore, an analogy exists between the mass and heat
transfer which can be used to evaluate the mass transfer coefficient, ap,:

a

Ay =— )
pCy

With a known mass transfer coefficient, the rate of water evaporated

is equal to:

mw.i = éAfrAxam (wsat - wi) (10)

where wsq is the humidity ratio of the saturated water vapor.

Finally, Egs. (5)-(10) are solved iteratively for each segment to
determine the temperatures, humidity ratio, and heat duties for the
whole evaporative pad. Additionally, the rate of water evaporated is
equal to the sum of m,; in all segments.

The resulting trends predicted by the evaporative cooler model are
presented in Fig. 5a and b. Fig. 5a shows that the saturation efficiency
(Eq. 11) decreases with an increase in the air velocity. This is primarily

Precooled Air to
VCC Condenser

f111

Make-up water

Fig. 4. A schematic of the evaporative cooler.
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Fig. 5. Results from the evaporative cooling model: (a) Air velocity versus
saturation efficiency (b) Pad thickness versus saturation efficiency.

due to relatively shorter residence times for higher velocity flows. As
result, the mass and heat transfer rates are inhibited. Increasing the pad
thickness has the opposite effect, as it increases the amount of surface
area and time available for air to exchange heat and mass. However, the
air-side pressure drop also increases with increasing evaporative media
thickness and must also be considered during the design of an evapo-
rative cooler. The trends predicted described above are consistent with
experimental observations from past studies [30,10,26]

~ Topin — Topou
nevap -

Tonm — Tus x 100% 1D

To further gain confidence in the accuracy of the model described
above, we compared its predictions to the experimental data collected
by Martinez et al. [10] during evaporative cooling. Martinez et al. [10]
measured the airflow rates, inlet temperatures, and outlet temperatures
for three cellulose pads with varying thicknesses. Table 3 shows the
parameters that were adjusted in our model to mimic their experimental
setup. Fig. 6(a) and (b) show the measured dry bulb temperatures and
saturation efficiencies compared against the predictions from our model,
respectively. The average outlet dry bulb temperature deviation was
equal to —0.14 °C. The predicted saturation efficiencies were on average
2.5% higher than measured values. Overall, the agreement was good
which provided us confidence in the modeling methodology of the
evaporative cooler.

Energy Conversion and Management 249 (2021) 114841

Table 3
Input parameters used to model evaporative cooling: Validation (1st Column)
and analysis for current study (2nd Column).

Validation (from Analysis for the current Units
[101) study
Evaporative media CELdek5090 CELdek7060
Specific surface 650 363 m? m-3
area

Thickness 50-150 100 mm
Frontal Area 762 x 464 650 x 506 mm?
Air velocity 11-1.4 1.25 ms!

3.4. Hybrid evaporative-vapor compression system

The configuration for the HEVC system is similar to the one shown in
Fig. 1. The outdoor air is first cooled as it passes through the evaporative
cooler. The cold air is directed to the condenser of the VCC by the out-
door fan, where it absorbs the rejected heat. In our HEVC model, the dry
bulb temperature at the evaporative cooler outlet is used as an input for
the VCC. It is used to evaluate the condensation temperature instead of
the outdoor dry bulb temperature (See Table 2). Additionally, the power
consumed by the water pump in the evaporative cooler was assumed to
be a constant value equal to 15 W [10]. The water pumping power was
added to the total system power while calculating the COP of HEVC
system.

Fig. 7 shows the resulting COPs for HEVC for a range of outdoor dry
bulb temperatures and relative humidities. Additionally, Fig. 7 shows
the COP of VCC without the additional evaporative cooling. The results
show that the HEVC outperforms the VCC for all conditions. For a
constant dry bulb temperature, the COP increases with decreasing
relative humidity of outdoor air. Dry air exhibits a relatively greater
mass transfer driving potential (Eq. 10) and therefore, the resulting
evaporative cooling load and saturation efficiency are also higher. This
trend is consistent with the findings of previous researchers on the topic
[11,19]. Fig. 7 also helps explain why HEVC systems may be best suited
for hot and dry climates, because that is where the performance benefits
are the greatest. For example, at an outdoor dry bulb temperature equal
to 55 °C and outdoor relative humidity equal to 40%, the HEVC has a
41% higher COP compared to the VCC system. Conversely, cold and
humid climates may not be appropriate for adoption of HEVC systems.
At an outdoor dry bulb temperature equal to 35 °C and outdoor relative
humidity equal to 80%, HEVC exhibit a 6% higher COP than VCC.

3.5. Refrigerants

Egs. 1 and 3 were developed based on a R32 compressor which had a
displacement volume was equal to 18.5 cm®. In this study, we further
expanded our analysis to consider low GWP refrigerants (R32, R290,
R452B, and R454B) and R410A (a common HFC refrigerant currently
being used in room air conditioners). This analysis allowed us to identify
the refrigerants which have comparatively favorable thermophysical
properties for implementation into HEVC systems. To model the per-
formance of other refrigerants, it is assumed that the volumetric and
isentropic efficiencies of the compressor remain constant for the same
indoor and outdoor climate conditions. For the given condensation and
evaporation saturation temperatures, the pressure ratio for R32 is used
to evaluate Egs. 1 and 3 for all refrigerants. Eqs. 2 and 4 are then
evaluated based on thermophysical properties of the refrigerant being
investigated.

Additionally, the volumetric cooling capacity of the VCC changes
with the change of refrigerant. To account for that, the compressor
volumetric displacement was adjusted for each refrigerant until the
cooling capacity of the system matched that of R32 at A-cooling con-
dition (Tindoor,.pB = 26.7 °C, Toutdoor.o8 = 35 °C) from AHRI Standard 210/
240 [25]. This approach has been adopted and validated by past re-
searchers investigating the effect of refrigerant change in VCC systems
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Fig. 6. A comparison of the model predictions versus measured evaporative cooling data (from [10]): (a) outlet dry bulb temperatures and (b) saturation efficiencies.
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Fig. 7. A comparison of traditional VCC against HEVC at outdoor dry bulb temperatures ranging from 30 to 55 °C and relative humidities ranging from 40% to 80%.

[31,32].
4. Analysis results and discussion
4.1. HEVC versus VCC in various climates

A good agreement with the literature gave us confidence in the ac-
curacy of the modeling approach defined in the previous section. This
model was then used to investigate the feasibility of HEVC systems for
cities listed in Table 1. For each city, the annual energy consumption for
both VCC and HEVC systems were estimated for a 3.5 kW cooling system
using ASHRAE climatic design conditions [21]. For both types of sys-
tems, the energy requirements were first evaluated on a monthly basis
and then summed to evaluate the annual energy consumption. (Table 4).

Table 4

Compressor displacement volume for different refrigerants. At A-cooling con-
dition (Tindoor.pB = 26.7 °C, Toutdoor.ps = 35 °C) AHRI Standard 210/240 [25], the
corresponding cooling capacity of VCC is equal to 3.5 kW.

Refrigerant Compressor Displacement Volume (m® x 107°)
R32 18.5

R410A 20

R290 34

R452B 20.5

R454B 20.5
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Fig. 8. (a) Annual energy consumption for HEVC versus VCC with a 3.5 KW cooling capacity. (b) Reduction in annual energy consumption for HEVC compared to
VCC. (¢) Annual water consumption of a HEVC system for 21 different climates from Table 1.

Fig. 8 provides a summary of the results from this study. Fig. 8(a)
highlights the differences in annual energy consumption for VCC and
HEVC are shown for a 3.5 kW cooling system in the 21 cities listed in
Table 1, while 8(b) shows the reduction in annular energy consumption
from adoption of HEVC systems. All the climates investigated in this
study benefit from the adoption of HEVC technology, with at least 5%
reduction in energy reduction in annual energy consumption. In
particular, cities with hot arid climates (Koppen-Geiger climate classi-
fication: Bsh — Lahore, BSk — Denver, BWh — Pheonix, BWk — Isfahan)
benefit the most from HEVC adoption with approximately 20%

reduction in energy compared to VCC systems. Additionally, there are
also energy-saving opportunities in areas that have tropical and
temperate climates with dry summers (Koppen-Geiger climate classifi-
cation: As — Indore, Cwa — New Dehli).

Conversely, tropical climates (Koppen-Geiger climate classification:
Af - Singapore, Am — Cameroon, Aw — Key West), continental climates
(Koppen-Geiger climate classification: Dfa — Sapporo, Dfb — Montreal,
Dsa - Salt Lake, Dsb — Lake Tahoe, Dwa — Beijing, Dwb — Khabarovsk,
Dwec - Chita) and temperate climates with no dry season (Koppen-Geiger
climate classification: Cfa — Milan, Cfb — France) are not appropriate for
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the adoption of HEVC technology. In these climates, which are relatively
more humid, both the VCC and HEVC operate in an inefficient manner.
VCC systems require additional power to meet the higher latent heat
loads from dehumidification. For HEVC systems, the saturation effi-
ciency of the evaporative cooler deteriorates with increasing outdoor
humidity (See Fig. 7). Instead, alternative technologies which are
capable of separate dehumidification and sensible cooling would be
more appropriate for these climates [33].

Fig. 8(c) shows the annual water volume required to operate a 3.5
kW HEVC system. On average, for every kWh saved by the HEVC, 21 L of
water were required for the evaporative cooling. The standard deviation
was low and was equal to 3.6 L. kWh™l. This volume of water con-
sumption was the greatest for Phoenix where the HEVC system would
need 1.52 x 10° L to operate. For context, an average American home
utilizes 522 L per day [34]. For a home in Phoenix, the addition of a 3.5
KW HEVC system would approximately result in a 80% increase in water
consumption. Additionally, it also insightful to compare the HEVC water
use intensity to that of thermoelectric and hydroelectric power plants,
which on average utilized 49 L kWh™! in 2017 [35]. In the U.S, the
adoption of HEVC systems has the potential of reducing water con-
sumption required for power generation, as well reduce the need for
additional power generation. However globally, the water use intensity
of power plants varies significantly depending on the available natural
resources, technologies, economics, etc [36]. Thus, while HEVC is an
attractive low-cost technology for meeting the global cooling demand,
future policy discussions on the adoption of HEVC must weigh the en-
ergy savings against the impact on local water resources.

4.2. HEVC with low GWP refrigerants

Fig. 9 shows the percent energy reduction for HEVC systems with
different refrigerant working fluids. Overall, these differences are min-
imal and can be explained by the differences in thermophysical prop-
erties of the refrigerants, which affect both the cooling capacity of the
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system and the compression work required from the compressor. Among
the refrigerants considered, R290 benefits the least from adopting HEVC
technology. This can be explain by the shape of its saturation curve
(often referred to as liquid-vapor dome). Of particular importance is the
slope of the saturation pressure with respect to the saturation temper-
ature. In the condenser of an HEVC, a relatively high saturation pressure
reduction implies lower compression work. R290 exhibits a relatively
lower change in pressure with a decrease in saturation temperature.
Thus, R290 shows a relatively lower enhancement compared to R32,
which has the highest change in pressure with a decrease in saturation
temperature.

In addition, recall from Eq. 3 that the refrigerant-side mass flow rate
is a function of the refrigerant vapor suction density at the compressor
inlet. In general, for a constant pressure ratio, the refrigerant mass flow
rate increases with increasing vapor density. Thus, the refrigerants with
arelatively higher vapor density will benefit more the adoption of HEVC
system. At a constant evaporation temperature equal to 11.7°C, R290
has the lowest vapor density, while R410A has the highest (Table 5).

In addition to having lower pumping power requirements, HEVC
systems also have a higher cooling capacity compared to VCC operating
at the same operating conditions. This occurs due to two main reasons:
1) higher refrigerant flow rates 2) a lower thermodynamic quality at the
evaporator inlet. Note the difference in State Point 4 for the two con-
figurations in Fig. 2. The magnitude of this cooling capacity enhance-
ment is increase is directly related to the vaporization enthalpy. A
refrigerant with a high vaporization enthalpy will exhibit a higher
cooling capacity increase and consequently, a higher COP. Among the
refrigerants investigated, R290 had the highest vaporization enthalpy,
while R410A has the minimum.

Thus, the performance of an HEVC system is a complex function of
the thermophysical properties of the working fluids. Overall, R454B and
R32 exhibited the greatest performance increase as a result of conver-
sion from VCC to HEVC.
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Fig. 9. A comparison of performance enhancements from refrigerants R32, R410A, R290, R452B, and R454B for 21 different climates from Table 1.
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Table 5
Refrigerant properties, from [21,22].
R32 R410A R290 R452B R454B
Molecular weight (kg/kmol) 52 72.6 44 63.5 62.6
ASHRAE safety class (-) A2L Al A3 A2L A2L
GWP () 677 1920 5 698 467
Saturation Pressure at 15 °C (kPa) 1281 1254 732 1165 1150
Vaporization enthlapy at 15 °C (kJ 290 202 352 239 245
kg™
Liquid density at 15°C (kg m™3) 1001 1107 507 1036 1026
Vapor density at 15 °C (kg m~3) 35 49 16 39 38
Saturation Pressure at 50 °C (kPa) 3520 3432 1907 3208 3165
Vaporization enthlapy at 50 °C (kJ 194 122 272 155 167
kg’l)
Liquid density at 50 °C (kg m%) 808 865 439 831 826
Vapor density at 50 °C (kg m~>) 115 167 44 128 123
Liquid specific heat at 50 °C (kJ 2.9 2.9 2.7 2.6 1.8
kg 'K
Liquid thermal conductivity at 25 21 24 22 22

50 °C (mW m K1)

5. Conclusions

HEVC is a promising low-cost technology that has the potential of
meeting the increasing global cooling demand while operating much
more efficiently than the standard VCC. In the HEVC, an indirect
evaporative cooler is used in conjunction with a VCC system. It is used to
cool the air before it comes in contact with the condenser of the VCC.
This allows the condenser to operate at a relatively lower temperature
and thereby, reducing the compression power required.

In this paper, we developed thermodynamic models for both VCC
and HEVC systems with a 3.5 kW cooling capacity. The accuracy of the
modeling methodology was validated against experimental data from
the literature. We then compared their performances to each other for 21
different global climates. These climates were identified based on the
Koppen-Geiger climate classifications. Design conditions based on
ASHRAE weather data [21] were then used as inputs to estimate the
annual energy consumption for all the climates. In general, hot arid
climates (Koppen-Geiger climate classifications: Bsh, BSk, BWh, BWk)
benefit the most from the adoption of HEVC systems, with more than
20% reduction in energy. Tropical and temperate areas with dry sum-
mers (Koppen-Geiger climate classifications: As, Cwa) are also feasible
for HEVC system. Additionally, a comparison of different low GWP
refrigerant fluids in the HEVC indicates that R454B and R32 exhibit the
greatest performance increase.

HEVC utilizes fresh water to cool the condenser air. Climates that
benefit the most from HEVC tend to have limited freshwater resources.
Thus, we also evaluated the annual water volume required to operate a
3.5 KW HEVC system. On average, 21 L of water were required to save 1
kWh. For an average American home in Arizona state (Koppen-Geiger
climate classifications: BWh), that is approximately an 80% increase in
household water consumption. This indicates that HEVC requires a
significant amount of water and geographical policy discussions on the
adoption of HEVC must be informed by their water use intensity, as well
as the availability of local water resources.
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