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Abstract

Air-cooled vapor-compression chillers are increasingly deployed because they are
compact and easy to install, yet their efficiency lags behind water-cooled machines of
comparable size. This study evaluates whether adiabatic pre-cooling of condenser-inlet
air can offset that handicap while simultaneously curbing electricity use and the virtual
water embodied in power generation. A first-principles thermodynamic model was
formulated for a 1,403 kW (400 RT) Carrier 30XA-1352 chiller and validated against
catalogue data. Hourly weather files for Mashhad, Tabriz, and Yazd drove year-long
simulations. Pre-cooling lowered condenser air temperature, thereby boosting the
annual coefficient of performance (COP) by 41 %, 36 %, and 47 % in Mashhad, Tabriz,
and Yazd, respectively. Corresponding electricity savings reached 29 %, 26 %, and
32 %. Although the evaporative system consumed 5.9-11.1 x 10°* m* of water per year,
the reduction in power demand trimmed virtual water withdrawals at power plants by
1.1-3.2x10°m>®. Benefits were most pronounced in Yazd’s hot-dry climate,
highlighting the climate sensitivity of adiabatic pre-cooling effectiveness and offering a
scalable, cost-effective retrofit option.
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1 Introduction

Cooling under a warming planet is no longer a Researchers have

pursued

several technical

luxury—it is a survival imperative. As cities swell
and heatwaves intensify, air-cooled chillers have
become the workhorses of modern HVAC because
they are compact, self-contained, and installation-
friendly. Yet this convenience incurs a penalty: their
electricity demand soars precisely when grids are
strained, and every kilowatt-hour consumed
embodies liters of “virtual” water evaporated in
faraway power-plant cooling towers. Bridging the
energy—water nexus for air-cooled chillers is
therefore a strategic priority for sustainable urban
infrastructure.

pathways, with adiabatic pre-cooling emerging as
the most promising retrofit. Early experiments by
Kutscher & Costenaro [ 1] demonstrated up to a 50%
capacity gain using simple spray or pad systems,
while Yu & Chan’s simulations predicted 5% COP
increases and 14% compressor-power cuts [2].
Large-scale EnergyPlus studies later confirmed
25% annual electricity savings and 35% peak-load
mitigation in arid U.S. climates [3]. Field trials from
2010-2025 consistently recorded COP
improvements ranging from 10 to 55% and energy
reductions of 11-58% [4-7]. Two main technologies
dominate: wetted-media pads, effective but prone to
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pressure losses, and high-pressure misters, which
use barely 12% of a cooling-tower’s water and
require only marginal pumping energy [8].

Important  gaps, however, still constrain
deployment. First, most investigations evaluate
electrical indicators alone and neglect the attendant
saving in virtual water, leaving the full resource
footprint unresolved. Second, the bulk of empirical
data stems from U.S. or Asian test sites; Iran’s wide
humidity-temperature spectrum remains largely
unmapped, even though its electricity mix is
dominated by water-intensive thermal plants. Third,
no accessible modelling platform can predict, in an
integrated manner, the triad of COP, electricity, and
virtual-water use for different Iranian climates,
limiting evidence-based decision-making by
engineers and policymakers. These omissions
translate into unanswered research questions: How
great is the simultaneous energy-and-water benefit
of adiabatic pre-cooling in representative Iranian
climates? Which climatic variables govern its
effectiveness? Can a unified, spreadsheet-level tool

deliver reliable predictions for design and retrofit?

The present study addresses these questions through
a unified thermodynamic—simulation approach. A
physics-based model is calibrated for a 1.4 MW
Carrier 30XA chiller, embedding performance
curves and evaporative-water balances, and then
executed in Microsoft Excel for three archetypal
Iranian climates—warm semi-arid, temperate semi-
arid, and hot arid. The objectives are to quantify
annual changes in COP, grid electricity, and virtual-
water demand under adiabatic pre-cooling; to
elucidate climate sensitivity; and to supply a
transparent, user-friendly tool for practitioners. By
delivering an integrated appraisal of energy and
water metrics, the study aims to guide cost-effective
retrofits that bolster both grid resilience and water
stewardship across Iran’s diverse climatic regions.

2 Research Methods

A physics-based Excel model quantifies how
adiabatic pre-cooling of condenser air improves
vapour-compression chiller performance. Full-load
capacity and energy-input modifiers are derived
from catalogue data through Eqgs (1)—(2), while part-

load effects use PLR (Eq 3) and EIRFPLR (Eq 4)
solved iteratively via Newton—Raphson.

CAPFT = ag + a1 Tomus + @3 Tenws’
+ a3z Tegge + a4Tcdae2 @

+ as Tchws Tcdae

EIRFT = by + by Tepys + b Tenys
+ b3Tcdae + b4 Tcdae2 @
+ bSTcdae Tchws

Qc
PLR = 3
Qcirateq CAPFT @

IRFPLR = Cy + C,PLR + C,PLR? + C5T,4

4
+ C,T2 + CsPLR % T,y @

Table 1 shows that raising ambient temperature
from 35°C to 51.6°C cuts cooling capacity 25% and
COP 60%.

Table 1:Effect of Ambient Temperature on the Performance of

Air-Cooled Chiller at Full Load and Evaporator Outlet Water
Temperature of 6.67°C

Power

Ambient Cooling % Change % Change

Temperature Capacity CO:::',‘;E::OH in Cool.ing in Cl.liller
(°O) (Ton) (kW/Ton) Capacity Efficiency
23.8 112.1 0.952 +15% +20%
294 105.5 1.069 +8% +11%
35.0 97.5 1.208 - -
40.5 89.5 1.384 —-8% -15%
46.1 81.2 1.621 -17% -35%
51.6 73.1 1.923 -25% —60%

Evaporator load (Eq 5), condenser heat (Eq 6) and
compressor plus fan power yield hourly COP (Eq
7).

Qct = my, €y (Techwr — Tehws) 5)
Qct = my, €y (Techwr — Tehws) (6
QCl
COP = ——— )
P.. + Pcf



149  Evaluation of Power Consumption and ...

Ali Saeedi and Jamal Rokhsat.

Water demand of the pad system follows Eq 9;
avoided virtual-water is obtained by multiplying
electricity savings by 7 m* MWh™'. All calculations
run in VBA-driven Excel, with hourly climate files
feeding automatic logs of power, COP and water
use, enabling climate-sensitive optimisation of
chiller operation.

C, = Me
W T (T, — TA, ®

3 Results

To validate the findings, the cooling capacity of the
Carrier 30XA-1352 chiller was simulated for
Bandar Abbas using one year of climatic data, and
the results were compared with the manufacturer’s
specifications. The close alignment and parallel
trend between the calculated COP and Carrier’s
reference data confirm the model’s accuracy and
reliability in representing the chiller’s real
performance.

Validation of the research results against Carrier data
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Figure 1: Validation of the calculated variations in chiller
coefficient of performance with ambient temperature changes

Modeling results, also, indicate that maintaining the
condenser-inlet air temperature at 25 °C curbs the
33% COP drop, sustains cooling capacity, and
reduces yearly electrical demand significantly.
Accordingly, the cities of Mashhad, Tabriz, and
Yazd were selected as representative case studies
for evaluating the adiabatic pre-cooling system
applied to air-cooled chillers in Iran

3.1 Examination of the operating conditions of
the 400-ton air-cooled chiller in Mashhad
Climatic analysis indicates that Mashhad’s
air-cooled 400-RT chiller operates 2,304 annual
hours above 25 °C. Figure 2 reveals that, for every

dry-bulb temperature and accompanying relative
humidity, adiabatic pre-cooling elevates the
coefficient of performance (COP), with advantages
increasing as ambient heat rises. Numerical
modeling quantified key metrics for baseline and
retrofitted modes. Results show the pre-cooler
raises the average annual COP by 41 %, lowers
compressor—fan electricity use by 29 %, and incurs
a modest make-up-water requirement, confirming
notable energy-water benefits for the system.

3.2 Examination of the operating conditions of
the 400-ton air-cooled chiller in Tabriz

Coefficient of Performance of the chiller with and without
adiabatic condenser inlet-air pre-cooling in Mashhad
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Figure 2: Variation of the Carrier 400 ton air cooled chiller’s
coefficient of performance versus ambient dry bulb temperature
in Mashhad

Figure 3 demonstrates that adiabatic pre-cooling
markedly improves a 400-ton air-cooled chiller’s
efficiency in Tabriz. Bubble-sized humidity
markers show that the retrofitted unit (orange line)
sustains a higher coefficient of performance (COP)
and flattens the temperature-related decline seen in
baseline operation (blue line). Annual simulations
indicate a 36 % rise in average COP and a 26 % cut
in compressor-fan electricity use. Although the
system consumes about 4,047 m*yr' of make-up
water, reduced grid demand yields net virtual-water
savings exceeding 1,130 m* annually.

3.3 Examination of the operating conditions of
the 400-ton air-cooled chiller in Yazd

In Yazd the 400-ton air-cooled chiller faces 3,758
annual hours above 25 °C. Baseline data show its
COP slipping from3.54 at25°C to just2.29
at42.2 °C (-35%). Adding an adiabatic condenser
pre-cooler reverses that trend: efficiency rises
t0 3.90 at the same maximum temperature, a 70 %
improvement, and  flattens  the entire
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temperature-COP curve. Year-long simulations
indicate a47% boost in mean COP, a32%
reduction in compressor-fan electricity, and
evaporative  make-up  water demand of
about 11,074 m? per year overall.

4 Conclusion

An integrated thermodynamic model—validated
with Carrier 30XA-1352 data—was applied to a
400-RT air-cooled chiller in three Iranian climates.
Adding adiabatic pre-cooling to the condenser air
raised the mean annual COP by 41 % (Mashhad),

Coefficient of Performance of the chiller with and without
adiabatic condenser inlet-air pre-cooling in Tabriz
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Figure 3: Variation of the Carrier 400 ton air cooled chiller’s
coefficient of performance versus ambient dry bulb temperature
in Tabriz

Coefficient of Performance of the chiller with and without
adiabatic condenser inlet-air pre-coolingin Yazd
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Figure 4: Variation of the Carrier 400 ton air cooled chiller’s
coefficient of performance versus ambient dry bulb temperature
in Yazd

36 % (Tabriz) and 47 % (Yazd), while cutting
electricity use by 29%, 26% and 32%,
respectively. The strategy requires 5.9, 4.0 and
11.1 x10°m*yr' of evaporative water—offset
partially through condensate recovery—and saves
1.1-3.2x10°m*yr* of virtual water at power
plants. The results confirm adiabatic pre-cooling as
a practical, cost-effective means to improve both
energy efficiency and water sustainability for
air-cooled chillers in arid, high-demand regions.
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! Cooling Capacity Function of Temperature
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