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A B S T R A C T

Nowadays, energy conservation is a crucial issue because of its many benefits, such as reducing greenhouse gas 
emissions, decreasing dependence on energy imports, and reducing costs for households and businesses. Data 
center energy consumption accounts for a significant portion of global energy consumption and may increase 
dramatically in the next years with the growing popularity of compute-intensive applications such as A.I., video- 
on-demand services, autonomous vehicles and advanced 5G technology. A major problem for data centers is the 
dissipation of heat generated by computers, for which various cooling systems are used. The objective of this 
work is to demonstrate the increase in cooling system efficiency directly attributable to the use of an aluminum 
oxide-based heat-transfer nanofluid, resulting in cost and energy savings and therefore in greenhouse gas 
emission reduction. In this investigation, through an extended experimental campaign, the comparison in terms 
of COP between a baseline period (before installation of the heat transfer nanofluid) and a reporting period (after 
installation), maintaining the same heat load, was shown. Measurements demonstrated an average COP 
improvement of 9.1 %, confirming the effectiveness of nanofluid in improving chiller efficiency. This result 
demonstrates that the use of nanofluids in HVAC systems serving data centers can help significantly reduce CO2 
emissions while containing energy costs. In order to strengthen the conclusions of the present study, through an 
LCA analysis, greenhouse gas emissions related to the aluminum oxide nanofluid filled into the plant were 
calculated, finding 14.3 tons of CO2, compared with an annual CO2 emission reduction of 50.9 tons/y. Finally, 
considering the expected electrical output of data centers in the next years, the global average CO2 emission 
factor, and the increase in chiller performance related to the use of nanofluids, the maximum achievable result in 
terms of global GHG emission reduction was calculated, yielding 16.5 Mt CO2.

1. Introduction

Data centers are facilities designed to house computer systems and 
the necessary components for their operation, including network and 
storage systems. It features a dual power system, a redundant commu
nication network, environmental control systems (such as cooling and 
air conditioning), and security systems. Data centers became crucial for 
the operations of many businesses worldwide [1]. According to a recent 
study of the International Energy Agency [2], electricity demand from 
data centers is currently around 2 % of total global electricity con
sumption [2], consuming approximately 460 TWh of energy per year 
(demand related to 2022), and this is expected to rise further, due to 
artificial intelligence (A.I.) and the cryptocurrency sector: total data 
center electricity consumption could reach more than 1,000 TWh in 
2026.

In large economies such as United States, China and the European 
Union, data centers account for around 2–4 % of total electricity con
sumption at present. In many countries, the sector has already surpassed 
10 % of electricity consumption, as for example in Ireland, where it now 
accounts for over 20 % of all electricity consumption.

Although the data center sector contributes only about 0.6 % of total 
carbon emissions, its broader impact is significant, accounting for more 
than 2 % of global emissions when considering the entire information 
and communications technology (ICT) ecosystem, which includes per
sonal devices, mobile phone networks, and televisions.

In this scenario, technological improvements related to data center 
energy efficiency will be crucial to moderating global CO2 emissions.

Electricity demand in data centers is mainly from two processes, with 
computing accounting for 40 % of electricity demand of a data center. 
Cooling requirements to achieve stable processing efficiency similarly 
makes up about another 40 %. The remaining 20 % comes from other 
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associated IT equipment [2]. Therefore, one of the primary challenges 
faced by data centers is the dissipation of heat generated by IT equip
ment. High temperatures can compromise the proper operation of this 
equipment, potentially causing significant damage to the entire infra
structure. To address this issue, data centers employ various cooling and 
heat extraction systems of varying complexity. A commonly used solu
tion is based on hydronic systems, supplied by water chillers.

One possible solution for increasing the efficiency of hydronic HVAC 
systems is represented by nanofluids [3]. They are specially engineered 
heat transfer fluids designed to enhance heat transfer and improve en
ergy efficiency in various applications, including chillers, heat pumps, 
and other hydronic HVAC systems. These fluids consist of nanoparticles 
suspended in a liquid, formulated to achieve superior heat transfer 
performance compared to their base fluids. Numerous studies have 
shown that the thermal conductivity of nanofluids can be enhanced by 
factors such as nanoparticle volume concentration, size, and 
morphology [4,9].

In early experiments, Lee et al. [5] used a transient hot-wire method 
to measure the thermal conductivity of nanofluids, demonstrating that 
even a small quantity of nanoparticles could significantly increase the 
thermal conductivity of the base fluid. Beck et al. [6] provided data on 
thermal conductivity enhancement in seven nanofluids containing 
alumina nanoparticles with diameters ranging from 8 to 282 nm, sus
pended in water or ethylene glycol. They found that the thermal con
ductivity enhancement decreased as the particle size dropped below 
approximately 50 nm, likely due to phonon scattering at the solid–liquid 
interface [7].

To further investigate these findings, Colangelo et al. [8] designed, 
built, and tested a new experimental setup to explore physical phe
nomena involved in thermal conductivity enhancement of nanofluids. 
Oresta et al. [9] demonstrated the theory on the nanofluid thermal 
conduction increase.

Abdollahi-Moghaddam et al. [10] studied the influences of adding 
nanoparticles to water flowing through a horizontal tube, measuring 
heat transfer coefficient and pressure drop at different Reynolds num
ber, while different studies [11,12] have been developed to analyze the 
correlations between temperature, viscosity, and nanofluid 
concentration.

In recent years, experimental investigations have demonstrated sig
nificant improvements in the heat transfer through nanofluids under 
several conditions compared to conventional heat transfer fluids 
[13–17]. Raza et al. [13] the heat transfer mechanism considering the 
attributes of viscous dissipation, Joule heating, and nonlinear thermal 
radiations in the three-dimensional steady incompressible flow. Ahmed 
et al. [15] investigated the effect of heat transfer on magnetic peristaltic 
flow of a couple stress fluid in an inclined annular tube.

Balla et al. [18] studied suspensions of Cu and Zn nanoparticles (50 
nm in size) in a water-based fluid and found that the heat transfer co
efficient of nanofluid was higher than that of the base fluid. Similar 

results were observed by Kai et al. [19], who studied heat transfer in a 
mini-tube using SiO2 nanofluid. Mukherjee et al. [20] investigated en
ergy efficiency, exergy efficiency, and entropy generation of a flat plate 
solar collector with Al2O3-CuO/Water hybrid nanofluid.

Recently, numerous numerical and experimental studies have 
explored the application of nanofluids in different fields, such as in solar 
thermal systems. Lee et al. [21] and Alsalame et al. [22] investigated 
photovoltaic thermal systems using nanofluids. Chaji et al. [23] also 
studied flat plate solar collectors using nanofluids. Besides, further 
research on the application of nanofluids in various solar thermal energy 
conversion systems has been conducted [24,25].

Studies have also focused on enhancing the performance of internal 
combustion engines. Zhang et al. [26] improved the heat transfer per
formance of a diesel-engine cylinder head using a nanofluid coolant. 
Micali et al. [27] conducted an experimental campaign to assess the 
potential of nanofluids in reducing the temperature of a biodiesel four- 
stroke engine. They performed several tests on the CAT-AVL single- 
cylinder engine, comparing the temperatures achieved with pure water 
and CuO nanofluid as engine coolants. The experimental results showed 
that, at 100 % engine load, the nanofluid provided better cooling 
performance.

Further studies on the use of nanofluids in electronic devices [28], 
geothermal heat exchangers [29,30], plate heat exchangers [31] and 
cooling systems for wind turbines [32] have shown a significant increase 
in heat transfer performance compared to traditional fluids.

Given these thermal performance improvements, incorporating 
fluids with suspended solid nanoparticles in HVAC systems is expected 
to significantly enhance their efficiency [33]. Kulkarni et al. [34] found 
that using nanofluids in building heating systems can reduce the size of 
heat transfer systems, particularly heat exchangers, heat pumps, and 
other components. This reduction in size leads to lower energy con
sumption and, consequently, a decrease in environmental pollution. 
Ahmed and Ahmed Khan [35] investigated the use of nanofluids in the 
external cooling jacket around the condenser of an air conditioner. They 
studied the benefits of two types of nanofluids, made from copper and 
aluminum oxide, on the performance of an air/water conditioner. Their 
experimental results showed a significant enhancement in the Coeffi
cient of Performance (COP), with increases up to 22.1 % using Al2O3 
nanofluid and 29.4 % using CuO nanofluid. Hatami et al. [36] experi
mentally tested three types of nanoparticles (SiO2, TiO2, and Carbon 
Nanotubes) dispersed in water within HVAC systems. They found that 
SiO2-based nanofluid provided the best results in terms of reducing 
energy consumption.

To utilize nanofluids as heat transfer fluids in full-scale HVAC sys
tems, several challenges must be addressed, such as nanoparticle sta
bility in suspension and increased viscosity [37]. According to Hwang 
et al. [38] sedimentation and agglomeration of nanoparticles in nano
fluids can cause fouling on heat transfer surfaces, leading to higher 
pressure drops and damage to ducts and pumps. However, using nano
particles with optimal shape, size, and volume fraction in a base fluid, 
along with surfactants, can enhance suspension stability and mitigate 
these issues [39,40].

To tackle these challenges, this study focused on a nanofluid 
composed of a water-glycol mixture and aluminum oxide (Al2O3) 
nanoparticles with controlled size distribution (Dv90 = 617 nm) and 
good stability. This composition ensures efficient, reliable, and consis
tent performance over a wide temperature range with minimal impact 
on viscosity and system fluid pumping energy. Specifically, in [41] 
Colangelo et al. conducted dynamic simulations comparing the effi
ciency of two full-scale HVAC systems (installed at the educational 
building “Corpo O” at the University of Salento, Lecce, Italy), one using a 
traditional water-glycol mixture and the other using an Al2O3-nanofluid. 
They found a numerical efficiency increase of about 10 %.

From the above scientific scenario, it appears that in recent years, 
nanofluids have been extensively studied: there are numerous articles 
concerning both their chemical and physical properties and heat transfer 

Nomenclature

OAT outside air temperature [◦C]
COP Coefficient of performance [-]
HVAC Heating, Ventilation, and Air Conditioning
IPMVP International Performance Measurement and 

Verification Protocol
LCA Life Cycle Assessment
OAT Outdoor Air Temperature
OLS Ordinary Least Squares
n Number of samples
x, y, z generic variables
ε error
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performance. However, their full-scale applications represent a new 
topic, as it allows highlighting aspects that can be useful in future ap
plications. Therefore, the objective of this work was to conduct an 
extensive experimental campaign in a data center under real operating 
conditions to demonstrate how increasing chiller COP, through the use 
of a commercial nanofluid based on water and Al2O3, can contribute to 
significant reduction in greenhouse gas emissions.

2. Test condition and experimental equipment

The heat transfer nanofluid was installed in the HVAC system which 
serves the cooling system of a data centers located in Italy. The refrig
eration system comprises three air-cooled chillers with a cooling ca
pacity of 616 kW each, providing a total cooling capacity of 1848 kW. 
Table 1 summarizes the main specifications of the cooling facility.

The aluminum oxide-based nanofluid was chosen because of several 
considerations: dozens of types of nanofluids are described in the sci
entific literature, but only a few have reached sufficient product matu
rity to be used in real applications. For example, CuO nanofluids offer 
higher thermal conductivity and better heat transfer performance, 
making them ideal for high-performance applications, such as electronic 
cooling or solar collectors. However, they exhibit higher viscosity, lower 
colloidal stability, higher cost, and a greater tendency to cause corrosion 
compared to aluminum oxide nanofluid. Other nanofluids, such as 
carbon-based ones, (including graphene-based and carbon-nanotubes- 
based nanofluids) shows an increase in thermal conductivity, specific 
heat and viscosity reduction. On the other hand, these nanofluids still 
require further studies to increase their stability and in any case have 
costs that are not yet acceptable at full scale. As shown in Table 2, Al2O3 
nanofluids, while having lower thermal conductivity, are more stable, 
less viscous, more cost-effective, and less corrosive, making them better 
suited for general applications like HVAC systems and automotive heat 
exchangers. Therefore, in this experiment the choice of Aluminium 
Oxide nanofluid for enouncing thermal performance has been made 
based on stability, cost, and material compatibility reasons.

The concentration of aluminum oxide nanoparticles equal to 2 %vol 
was selected to maximize the thermal conductivity and minimize the 
pump energy absorption related to viscosity and density increase. 
Indeed, the increase in the energy consumption of the pump working 
with nanofluid was less than 0.1 % compared to the overall energy need 
of the chiller.

In order to measure the performance of the chiller, the system was 
equipped with the following sensors, according to the schematic of 
Fig. 1: 

• Flow meter: Siemens Sistran 5000.
• Termocouples: k-type.
• Thermal energy meter: Sistran FUE 950.
• Transmitter: MAG 5000.

Table 3 summarizes the accuracy of measuring instruments used to 
detect temperatures, volumetric flow rate and electric power.

The nature of using instruments to measure physical properties in

troduces a level of inaccuracy, as any instrument has limitations 
imposed by the method of measurement. When multiple measurements 
are used to make calculations these inaccuracies compound and prop
agate an increased error in the results. Therefore, measures must be 
taken to mitigate and minimize the propagation of error [42]. 

- Error (ε) of the sum/subtraction

(x ± εx)+
(
y ± εy

)
= z ± εz→εz = εx + εy (1) 

- Error (ε) of the multiplication/division

(x ± εx)
(
y ± εy

)
= z ± εz→

εz

z
=

εx

x
+

εy

y
(2) 

- Average of error in case of multiple sampling

εz averaged =
εz

n
;with n number of samples (3) 

Increasing the accuracy of the instruments is one method decreasing 
error rate, the other is increasing the sampling rate which reduces the 
error rate by averaging out the error.

Taking into account both the instrument accuracy and the error 
propagation models, the mean accuracy of the chiller COP was found to 
be 0.1 %.

3. Measurement and verification methodology

The measurement and verification methodology is based on the 
widely adopted standards set forth in the International Performance 
Measurement and Verification Protocol (IPMVP). The IPMVP is now 
used by utilities and government agencies for their demand-side man
agement incentive programs and for studies of building, manufacturing, 
and industrial companies to evaluate and improve their facilities’ per
formances. The IPMVP is owned and maintained by Efficiency Valuation 
Organization (EVO®), a non-profit organization whose mission is to 
ensure that the savings and impact of energy efficiency and sustain
ability projects are accurately measured and verified.

The estimation of the baseline energy forecast model by ordinary 
least squares (OLS) linear regression involves the following steps: 

- Data collection and preparation: outdoor air temperature (OAT) and 
coefficient of performance (COP) data were initially recorded at one- 
minute intervals and then aggregated into 10-minute intervals. This 
averaging process helps to minimize noise and reduce variability in 
the dataset.

- Data segmentation and grouping: the averaged COP values are 
grouped according to OAT intervals. In this case, 1 ◦C intervals were 
used, ranging from 25–26 ◦C up to 49–50 ◦C, covering the full 
spectrum of climatic conditions during the analysis period. The 
choice of interval width should be guided by the data distribution.

- Calculation of average COP for each OAT interval: for each OAT 
band, the average COP is computed. Each interval is represented by 
its midpoint, which serves as a representative temperature value.

Table 1 
Specifications of the main equipment and layout of the cooling facility.

experimental setup Technical specifications

Air-cooled water-cooling chillers HiRef TVA0621
Nominal Cooling Power 616 [kW]
Circulating Pumps KSB ETABLOC-SIC GN11
Total volume of heat transfer fluid 31.48 [m3]
Inlet nanofluid temperature 10 [◦C]
Outlet nanofluid temperature 13 [◦C]
Average flow rate 20*10-3 [m3/s]
Aluminum Oxide nanoparticle concentration 2 %vol
Annual electricity demand 1600 MWh

Table 2 
Comparison between different nanofluid cooling solutions.

Property CuO 
nanofluid

Al2O3 

nanofluid
Carbon-based 
nanofluid

Thermal conductivity Higher Moderate Higher
Stability Lower Higher Higher
Viscosity Higher Lower Lower
Heat transfer 

efficiency
Better Good Better

Cost Higher Lower Higher
Corrosion tendency Higher Lower Lower
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- Linear regression modeling: a linear regression is performed using 
the OAT midpoints as the independent variable and the corre
sponding average COP values as the dependent variable. This es
tablishes a baseline model describing the relationship between 
operational efficiency (COP) and climatic conditions (OAT).

The aim of the experimental campaign was to measure COP during 
the baseline period (interval of time in which HVAC system performance 
is measured under normal operating conditions, i.e., without making 
changes to the system) and reporting period (interval of time in which 
the performance of the HVAC system is measured under changed 
operating conditions by adding the nanofluid to the system) at a specific 
climatic condition and operating system settings.

Fig. 2 represents a schematic of the International Performance 
Measurement and Verification Protocol.

In the case under investigation, the comparison was made between 
the energy consumption measured after the installation of the nanofluid 
in the HVAC system and the consumption that would have occurred 
without the use of the nanofluid.

According to the IPMVP, to define a reliable adjustment rule, the 
baseline period was sampled to determine the interdependence between 
the variables. Particularly, a linear adjustment rule has been determined 
under the general assumption that the electrical consumption in the 
HVAC system was dependent on the two independent variables, Outside 
Air Temperature (OAT) and thermal energy demand of the building.

The baseline and reporting periods were of 40 and 90 days respec
tively divided into two periods: September – October (baseline) and 
November − December − April– May (reporting period). The chiller 
performance in terms of COP was calculated for the baseline period with 
water as heat transfer fluid and then for the reporting period with the 
adding of nanofluid.

A total of 57,681 measurement points were acquired during the 
baseline period and 103,360 points during the reporting period.

The chiller’s performance is strictly related to condenser tempera
ture conditions (outside air temperature, OAT) but can also be depen
dent on chiller loads which can be influenced by non-climatic factors 
such as occupancy intensity, shifts in operating schedules, alterations in 
cooling demand and system settings among other operational parame
ters. Therefore, in this work, the comparison between baseline and 
reporting periods was done taking quite constant the chiller load (20–25 

Fig. 1. Schematic of chiller performance measurement system.

Table 3 
Accuracy of measuring instruments.

Parameter Accuracy of the 
measuring instruments

Temperature (◦C) 0.8 %
Flow rate (L/s) 1.0 %
Electric power (kW) 0.5 %
Number of samples for one measurement 60

Fig. 2. Schematic of the International Performance Measurement and Verification Protocol [43].
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% of the maximum load value), as shown in Fig. 3.
The average chiller COP was calculated measuring the following data 

over the entire baseline and reporting periods with a frequency of one 
minute: 

- Volume flow rate of system fluid passing through the chiller
- Chiller inlet – outlet temperatures
- Outside air temperature
- Electrical consumption of the chiller

The main properties of a heat transfer nanofluid sample were 
measured as summarized in Table 4.

Furthermore, it is pointed out that, the Al2O3 nanofluid is classified 
as not hazardous based on the calculation methods defined in Regula
tion (EC) 1272/2008 (CLP).

4. Discussion of results

Comparison of the baseline and reporting periods was done in a 
manner that maximized the constancy of key operational factors, such as 
climatic conditions, operating conditions, chiller load profiles, operating 
hours, system settings. Recording the baseline period immediately prior 
to the installation and testing period may often be the preferred 
approach, as more operational variables can be held constant between 
these periods, thus limiting the necessary adjustments to climatic fac
tors. Furthermore, the baseline and reporting periods were chosen to 
cover a wide range of climatic conditions, achieving a consistent anal
ysis of the chiller performance. Finally, quite constant chiller load 
conditions were assured to avoid any influence on the COP analysis.

The raw data, recorded during the baseline and reporting period, 
were used for COP calculation and analysis. Preliminarily, all recorded 
data were pre-processed to remove outliers, keeping only the values 
within the range mean COP +/- 2σ.

Subsequently, the data were normalized by estimating a linear 
relationship between COP and OAT, using OLS regression methods 
based on 40 days for system’s baseline data and 90 days for reporting 
period data.

Regarding the baseline period, Fig. 4 shows the results in terms of 
COP as a function of OAT: the light blue points represent all baseline 
data set, the blue circles are the average COP values calculated every 
0.5 ◦C, while the blue line is the linear regression of the average COP 
values.

As expected, chiller performance improved at lower external oper
ating temperatures. Besides, Fig. 4 demonstrates, a good correlation 
between COP values and OAT, being the coefficient of determination 

(R2) equal to 0.9962. The mathematical result is represented by a linear 
regression of the measured baseline data (COP as a function of OAT). 
From a mathematical point of view, this model can be extended over 
OAT values not sampled during the baseline acquisition period.

A similar analysis has been carried out during the reporting period: 
Fig. 5 shows the results in terms of COP as a function of OAT. Also in this 
case a good correlation between COP values and OAT has been 
observed, being the coefficient of determination (R2) equal to 0.9914.

By analyzing the frequency distribution of COP, it is possible to 
visualize the change in chiller performance as a result of nanofluid 
installation. For this reason, the COP frequency distributions, for the 
baseline and reporting periods are presented in Fig. 6.

As expected, the performance recorded during the reporting period 
was higher than during the baseline period. However, in accordance 
with the IPMVP protocol, the comparison should be made at the same 
outside air temperature, as shown in Fig. 7.

Note that the high coefficient of determination, R2 = 0.9963 for the 
baseline energy forecast model and R2 = 0.9776 for the reporting period 
model, demonstrates the “closeness of fit” of this model.

As can be seen from Fig. 7, considering only the OAT range 
(12–29 ◦C) where the baseline and reporting period overlap, the two 
energy forecast models are substantially parallel: this demonstrates the 
validity of the forecast models developed. According to these models 
Table 5 summarizes the results in terms of COP improvement.

The increase in chiller performance can be explained taking into 
account that by adding the nanofluid into the HVAC system, the chiller’s 
working cycle changes, as schematically illustrated in the typical 
pressure-enthalpy chart of Fig. 8.

For the chiller under investigation working with the standard heat 
transfer fluid (water), the cycle follows path 1–2-3–4 in the diagram 
with the temperature of point 1 fixed by the electronic expansion valve, 
which adjusts the final pressure acting on the refrigerant expansion as 
represented in Fig. 8 by the segment 3–4.

Position of point 1 is limited on the left by the saturation vapor curve 
to prevent the formation of a liquid phase that could result in 

Fig. 3. Frequency distribution of the chiller load.

Table 4 
Properties of the nanofluid at test conditions.

Fluid @ 10 ◦C Density 
(kg/ 
m3)

Cp 
(J/kg 
K)

Thermal 
Cond. 
[W/m K]

Viscosity 
[mPa*s]

Sedimentation 
rate 
[µm/min]

Water 1002 4130 0.580 1.31 −

Al2O3 

Nanofluid 2 
%vol

1061 4090 0.637 1.32 0.237
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compressor damage, and on the right, by the isothermal passing through 
point 1 (reported in Fig. 8 as dashed red line).

The increased heat transfer due to nanofluid results in an increased 
pressure in the evaporator, modifying the working cycle as indicated in 
Fig. 8 by points 1′-2′-3′-4′.

Therefore, the compressor needs to provide less “lift” (effort) by 
having to increase the vapor pressure from points 1’ to 2’, instead of 
from points 1 to 2, as in the case of standard fluids.

The chiller thus uses less electrical energy to produce the same 
thermal energy, increasing its efficiency, as experimentally demon
strated and reported in Table 5.

Based on the annual energy demand of 1,600 MWh, the economical 
savings due to higher COP performance of the chiller has been quanti
fied, assuming the unit cost of electricity equal to 243.5 Euro/MWh. 
Table 6 summarizes the results of the economic analysis, indicating 
significant yearly savings of 35,456 Euro.

With regard to plant maintenance related to the use of nanofluid, it is 
pointed out that: 

- nanoparticles do not suffer alteration over time;
- nanoparticles can accelerate the wear of the pumps, but this phe

nomenon can be greatly mitigated by using SiC seals on the pumps.

To calculate CO2 emissions for a chiller consuming 1600 MWh of 
electricity, the emission factor of the electricity source must be used. The 
typical European grid CO2 emission factor can be assumed to be 350 kg 
CO2/MWh. Therefore, the annual CO2 savings related to the percentage 
reduction in electricity consumption can be calculated as: 

1600MWH × 0.091 × 350kg CO2/MWh = 50.9 tons of CO2 (4) 

In order to complete the study on greenhouse gas emissions, an LCA 
analysis (Life Cycle Assessment is a methodology used to analyze the 
overall environmental impact of a product, process, or service 
throughout all stages of its life cycle, which includes: extraction of raw 
materials, production and manufacturing, distribution, use and main
tenance, end of life) was carried out to quantify CO2 emissions per liter 
of aluminum oxide nanofluid at 2 %vol. The results are summarized in 
Table 7. In the case under investigation, the CO2 emissions per liter of 

Fig. 4. Baseline period – COP as a function of OAT. Light blue points represent all baseline data set; blue circles are the average COP values calculated every 0.5 ◦C; 
blue line is the linear regression of the average COP values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 5. Reporting period – COP as a function of OAT. Light blue points represent all reporting period data set; orange circles are the average COP values calculated 
every 0.5 ◦C; orange line is the linear regression of the average COP values. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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product are equal to 0.4544 kg/liter.
Since the total volume of aluminum oxide nanofluid filled into the 

plant was 31.48 m3, the total amount of CO2 emissions associated with it 
was 14.3 tons.

Therefore, already in the first year of the use of this nanofluid, the 
CO2 emissions are largely compensated by the savings (50.9 tons/year), 
that can be achieved due to the increased performance of plant.

This result can be very important when applied to the global data 
center development scenario in the coming years. In fact, mainly due to 
the development of AI, all reports on the evolution of digital services 
predict a substantial increase in the number and size of data centers 
(average data centers are quite small in power terms, with demand in the 
order of 5–10 MW, but large hyperscale data centers, which are 
increasingly common, have power demands of 100 MW or more), 
resulting in an increase in electricity demand, which will only partially 

be mitigated by efficiency improvements in both hardware and 
software.

In 2022, data centers alone were responsible for about 1–1.3 % of the 

Fig. 6. COP frequency distribution: baseline versus reporting period.

Fig. 7. Baseline and reporting period: energy forecast model comparison.

Table 5 
COP improvement analysis.

Energy forecast model Average COP @ 12 ◦C − 29 ◦C of OAT

Baseline period 4.4
Reporting period 4.8
COP improvement % 9.1 %

Fig. 8. Schematic of typical pressure-enthalpy chart of a chiller.
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world electricity consumption, and forecasts indicate that this percent
age could rise to 3 % by 2026 [44]. In addition, by 2030, data center 
energy requirements are projected to be between 770 TWh (conserva
tively estimated) and 1,560 TWh, with an intermediate estimate of 
1,135 TWh (Fig. 3). The upper limit of this forecast would be equivalent 
to 5 % of global electricity consumption by 2030 [45]. In a study, 
McKinsey [46] points out that the United States is the fastest growing 
data center market, with demand expected to grow from 25 GW in 2024 
to more than 80 GW in 2030.

Data center electricity consumption is due to 2 main factors: 
computing power (which account for about 40 % of energy consump
tion) and cooling systems (which consume 38–40 % of energy con
sumption) [47]. These components will remain the most energy- 
intensive even in AI data centers. Therefore, assuming that electricity 
consumption by data centers grows to 1,000 TWh [48] in the next years 
(due to increasing deployment of information technology, A.I. use, etc.), 
that is, equal to about 3.3 % of global electricity demand, the GHG 
emissions associated with them are expected to reach 16.5 Mt CO2, as 
summarized in Table 8.

According to these results, the use of nanofluids in HVAC systems 
serving data centers can contribute to significant reductions in CO2 
emissions while containing related energy costs.

5. Conclusions

One of the main issues related to data centers is the dissipation of the 
heat generated by the IT structures within them. In fact, in high tem
perature situations, the proper functioning of IT equipment is compro
mised, resulting in significant damage to the entire infrastructure. To 
meet this challenge, each data center incorporates a more or less com
plex cooling and heat extraction system.

Energy consumption due to air conditioning accounts for about one- 
third of the total energy absorbed by the data center. The environmental 
impact deriving from their use has therefore raised the need to develop 
increasingly efficient air conditioning solutions, both from a functional 
and economic point of view.

The solution proposed in this work was to inject an aluminum oxide 
nanofluid into the HVAC system of a real data center in order to increase 
its performance, returning both economic and energy savings.

Therefore, an extended experimental campaign, under real operating 
conditions, has been carried out to demonstrate the increase in chiller 
COP, due to the use of Al2O3-based nanofluid.

Monitoring of key chiller performance parameters in different period 
(baseline and reference period) was carried out through the IPMVP 
protocol to obtain a proper COP-based efficiency comparison and to 
ensure that any observed variation in chiller performance was due to the 
heat transfer nanofluid and was independent from other external 
factors.

The baseline and reporting periods were chosen to cover a wide 
range of climatic conditions, achieving a consistent analysis of the 
chiller performance.

The results demonstrate a good correlation between COP values and 
OAT, being the coefficient of determination (R2) equal to 0.9962 in the 
baseline and 0.9914 in the reporting period. Besides, considering the 
OAT range of 12–29 ◦C, where the baseline and reporting period over
lapped, the two energy forecast models were substantially parallel, with 
a COP improvement of 9.1 %.

Finally, considering the expected electrical output of data centers in 
the next years, the global average CO2 emission factor, and the increase 
in chiller performance related to the use of nanofluids, the maximum 
achievable result in terms of global GHG emission reduction was 
calculated, yielding 16.5 Mt CO2.

These results demonstrate that use of nanofluids in HVAC systems 
serving data centers can help significantly reduce CO2 emissions while 
containing energy costs.

Future investigation will be focused on carbon-based nanomaterials 
including graphene particles, combined with critical surfactants, to 
enable them to maintain high dispersity in a base liquid without settling 
out.

In the coming years, the impact of AI applications in the energy 
sector and related GHG emissions will need to be fully evaluated. 
Promising technologies for reducing environmental impacts may 
include clean energy, power system management to encourage 
increased renewable energy, but nanofluids applied to large data centers 
may also play an important role.
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Table 6 
Economic analysis.

Parameter Value U.M.

Annual electricity consumption 1600 MWh/y
Unit cost of electricity 243.52(*) Euro/MWh
Annual cost of electricity 389,632 Euro/y
Percentage reduction of electricity consumption 9.1 % ​
Annual reduction of electricity consumption 144 MWh/y
Annual savings for electricity 35,456 Euro/y

(*) Average electricity overall price (year 2022/24 – Euro Area, EUROSTAT).

Table 7 
LCA analysis results (*).

Raw materials and production process kg CO2 eq

Production of aluminum trihydrate (Brazil + DE) 0.027060
Transportation to European Plant (sea + truck) 0.017389
Electricity 0.003822
Heat (gas) 0.081921
Sulphuric acid 0.000939
Water 0.000240
Dispersant 0.000363
Sodium hydroxide 0.005741
Packaging and transportation 0.053417
Water 0.000009
Propylene glycol 0.158433
Surfactants 0.003143
Sodium hydroxide 0.000481
Electricity, IT 0.101390
Anti-corrosion 0.000125
CO2 emissions per liter of aluminum oxide nanofluid at 2 %[v/v] 0.454471

(*) Source: HT Materials Science Limited.

Table 8 
Estimated reduction in global CO2 emissions related to the use of nanofluids in 
data centers.

Parameter Value U.M.

Global electricity production(*) 29,925 TWh
Global CO2 emissions from electricity generation(*) 13,575 Mt 

CO2

Expected electricity consumption from data centers 1,000 TWh
Expected electricity consumption from data centers for cooling 400 TWh
Reduction in electricity consumption by using nanofluids in 

data centers
9.1 % ​

Global CO2 emissions related to data centers 453 Mt 
CO2

Reduction in global CO2 emissions achievable by means of 
nanofluids in data centers

16.5 Mt 
CO2

(*) Source: IEA (2024).
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