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Abstract: This study delves into the adoption of the organic Rankine cycle (ORC) for recovering waste
heat from data centers (DCs). Through a literature review, it examines energy reuse with a focus on
electric power generation, the selection of working fluids, and system design principles. The objective
is to develop a thorough framework for system design and analysis, beginning with a quantity and
quality investigation of waste heat available. Air cooling systems, chosen often for their simplicity,
account for about 70% of used cooling methods. Water cooling demonstrates greater effectiveness,
albeit less commonly adopted. This study pays close attention to the selection of potential working
fluids, meticulously considering the limitations presented by the available sources of heat and cold for
vaporization and condensation, respectively. It reviews an ORC-based system setup, incorporating
fluid streams for internal processes. The research includes a conceptual case study where the system
is designed and simulations are conducted in the DWSIM environment. The simulation model
considers hot air or hot liquid water returning from the data center cooling system for ORC working
fluid evaporation. Ambient water serves for condensing, with pentane and isopentane identified as
suitable organic fluids. Pentane assures ORC net electric efficiencies ranging between 3.1 and 7.1%
when operating pressure ratios increase from 2.8 to 6.4. Isopentane systems, meanwhile, achieve
efficiencies of 3.6-7.0% across pressure ratios of 2.7-6.0. Furthermore, the investigation provides
key performance indicators for a reference data center in terms of power usage effectiveness (PUE),
energy reuse factor (ERF), energy reuse effectiveness (ERE), and greenhouse gas (GHG) savings. This
study concludes with guidelines for system analysis, including exergy considerations, and details the
sizing process for evaporators and condensers.

Keywords: clean energy production; data center; energy transition; low-grade heat; ORC; review;
waste to energy; waste heat recovery; working fluids

1. Introduction

Waste heat recovery (WHR) technologies play an essential role in enhancing the
efficiency of various processes by capturing and utilizing energy that would typically
be lost to the environment [1,2]. Unfortunately, conventional power generation methods
fall short in converting low-quality waste heat into usable electric energy, leading to a
substantial loss. By recovering this waste heat, not only can electric generation become
more cost-effective, but it also contributes to reducing pollution.

In the low-quality thermal recovery field, organic Rankine cycle (ORC) technology has
emerged as a suitable solution for power production [3-5]. To this end, this paper aims to
harness the waste heat generated from the equipment of data centers to support a Rankine-
based energy cycle, contributing to clean production and effective energy transition.

This work supports the objectives of the Energy Efficiency Directive (EED) [6], which
mandates that data center operators monitor and submit key performance indicators
(KPIs) to the European database every year to reduce their energy footprint. This directive
highlights the growing significance of the information and communication technology
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(ICT) sector. In 2018, EU data centers consumed 76.8 TWh of energy, a figure anticipated to
climb substantially by 2030. Predictions made in 2018 suggested a 28% increase, but with
advancements in artificial intelligence (Al) technologies, some nations could experience
a doubling or even tripling of this consumption. For instance, the International Energy
Agency (IEA) [7] projects that by 2030, Ireland might witness a nearly 2-fold and Denmark
a 6-fold surge in electricity demand by data centers.

1.1. Background

Data centers are dedicated facilities housing computer systems and associated compo-
nents, such as telecommunications and storage systems. They serve as centralized locations
for organizations to store, process, and disseminate high amounts of data, integral to the
operations of businesses, government agencies, and cloud service providers [8,9].

Key components include servers, storage systems, networking equipment, cooling
systems, power supplies, and security systems. Data centers vary in size and capacity, and
are categorized as small, medium, or large.

DCs are significant consumers of electrical energy, accounting for about 1-3% of
worldwide electricity use. A typical large data center can consume as much power as a small
town, with heat output ranging from tens of kilowatts to several megawatts [8,10,11]. The
high-power computing activities in data centers generate considerable heat, primarily from
servers and storage units, usually wasted due to the low quality [12-15]. Cooling systems,
crucial for maintaining optimal operating temperatures, can account for a substantial
portion of energy use [12].

With the growing demand for data processing and storage, the need for efficient,
sustainable, and scalable solutions becomes increasingly pronounced [1,16]. Accordingly,
energy efficiency measures are fundamental for sustainability.

1.2. Literature Quverview

The present section overviews recent studies, offering a perspective on the current
state and future directions for the sustainability of data centers.

Huang et al. [14] offer a systematic literature review on DC technologies, focusing
on cooling systems, renewable energy integration, and waste heat recovery. The study
stands out for its holistic view of data center operations, emphasizing the importance
of developing advanced control methods and performance metrics to maximize energy
efficiency. In line with this, Wahlroos et al. [17] discuss the adoption of renewable energy
sources and thermal management strategies, providing a strategic six-step process for
creating sustainable and energy-efficient data centers.

The energy consumption and reliability modeling in data centers are other critical
areas of research. An article [16] surveys recent studies on modeling data center energy
consumption, concluding with the organization of a taxonomy. Ahmed et al. [10] adopt
a systematic literature review methodology to dissect contributions related to energy
consumption, providing a foundational tool for future research in this domain. Similarly;,
a study [18] examines power models for virtual machines and software applications,
investigating strategies to maximize the quality of service.

Numerous reviews and research papers populate the literature in the WHR field.
Already in 2014, the question of recovering DC waste energy arose: Ebrahimi et al. [12]
reviewed techniques for recovering waste heat, assessing various methods, including
district heating, absorption cooling, and direct and indirect power generation. The study
identifies absorption cooling and the ORC as highly promising for data center applications
for cooling purposes and electric generation, respectively. In particular, to the best of the
authors’” knowledge, ORC technology represents the most suitable solution for electric
production from DC waste heat from an energy and economic point of view, considering the
corresponding low-grade thermal level and the typical operating conditions of data centers.
In fact, alternative solutions based on piezoelectric and thermoelectric generation exhibit
lower efficiencies, lower power, and higher costs [12]. Furthermore, comparing the Kalina
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cycle, trilateral Rankine cycle, and organic Rankine cycle for waste heat reuse confirms that
the ORC is the proper choice for low-quality thermal energy exploitation due to its energy
and economic performance [1,19]. The literature review highlights that Stirling engines
can also exploit low-grade thermal sources [20,21]. However, the corresponding electric
efficiency is always lower than 1% considering the typical operating conditions of DCs with
source temperatures lower than 60-85 °C [22,23], suggesting that ORC adoption for the
reuse of the DC low-quality waste heat is a viable option. In a similar vein, another work [3]
evaluates the integration of micro-ORC systems into data center cooling systems through
experimental analysis, showcasing the potential of harnessing waste heat effectively.

At the RISE ICE Data Center, research has evaluated the potential direct exploitation
of the data center’s excess heat [24]. The investigation has developed a matrix illustrating
different options based on the DC cooling characteristics (i.e., air-cooled, liquid-cooled),
demonstrating that data centers are essential to promote industrial and urban symbiosis
(IUS) through district heating, direct heating, and industrial applications. In this framework,
Vesterlund et al. [25] investigated the possible adoption of low-grade excess heat from
data centers as a thermal source for a small-scale mealworm farm, and Brannvall et al. [26]
suggested directly utilizing the low-grade heat for fruit- and berry-drying processes in food
industries. The solutions improve the value and the benefit of the electric energy used in
data centers by exploiting the excess heat and reducing the energy dissipation.

Instead, the article by [1] primarily focuses on district heating achievable using heat
pumps to upgrade the temperature of recovered waste heat. It presents various case studies
to illustrate the practical feasibility of applying WHR technologies in district heating
networks. Yakovlev and Avdokunin [27] delve into the effectiveness of ventilation systems
and heat pumps in data centers, reporting the methodologies and results for calculating
heat transmission under different conditions.

The economic viability of waste heat utilization is a pivotal aspect of data center
sustainability. Pédrssinen et al. [28] outline a modeling study to evaluate the net present
value of such utilization, employing Monte Carlo simulations to assess various scenarios
and their uncertainties. Complementing this, the study by [29] conducts a sensitivity
analysis of the net present value (NPV) of WHR projects, identifying key factors such as
initial investment cost and energy pricing that significantly impact feasibility. Furthermore,
the literature [30,31] highlights that the DC waste heat recovery adopting proper ORC
systems is economically feasible with typical payback times between 4 and 8 years.

The exploration of advanced energy systems for data centers is fundamental for
enhancing their efficiency. Chen et al. [32] present a multi-objective thermo-economic
optimization of a combined cooling, heating, and power (CCHP) system, integrating a
solid oxide fuel cell and a gas turbine. Efficiency and economic performance are evaluated
using the NSGA-II algorithm for optimization. A similar approach is in the study by [33],
which explores the potential of hybrid data center cooling systems combined with polymer
electrolyte membrane fuel cell systems. Yin et al. [34] introduce a framework that integrates
internet data centers into the electric grid as energy prosumers, facilitating their partici-
pation in heat regulation. The investigation by [35] delves into the sustainability of green
data centers using CCHP and waste heat reuse systems, introducing innovative energy
management strategies.

1.3. Contribution

This research aims to provide a comprehensive sequence for designing energy recovery
systems for data centers devoted to electric generation, transitioning from theoretical
analysis to practical implementation. It serves as a contribution to the development of
energy recovery solutions from low-grade heat sources.

This paper presents a comprehensive spectrum of critical information, detailing the
quantity and quality of heat sources, with valuable insights and data on organic Rankine-
based energy systems and their compatible working fluids for effective waste heat utiliza-
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tion. Its foundation is based on a diverse collection of highly cited papers and technical
reports, establishing a robust framework.

As a practical handbook, this study outlines guidelines for analyzing low-grade heat
recovery techniques, and their integration into bottoming ORC energy systems.

Moreover, this paper introduces a standardized blueprint for an energy system, de-
tailing the components and performance assessment criteria and introducing a conceptual
application case. The case starts with the system engineering, highlighting the process
of selecting the working fluid. It then evaluates key performance indicators to test the
technical and energy feasibility. The system is modeled and simulated in the DWSIM
computational environment [36].

The present work aims to provide proper information for the energy exploitation
of the low-quality waste heat of data centers, adopting ORC systems to improve the DC
energy performance and promote an efficient transition towards a more sustainable future.

2. Materials and Methods

The approach leverages highly cited papers and technical reports to build a precise
framework. Scientific databases such as Scopus, Web of Science, and Google Scholar ensure
broad and thorough topic coverage. This extensive collection of sources provides the
foundation for this paper’s organization and structure.

This study undertakes a theoretical approach and an exhaustive review examining
heat sources in data centers and estimating the recoverable heat from their operational pro-
cesses. Consequently, an overview of the viable energy recovery technologies is conducted,
converging towards ORC as an eligible solution to produce electric power.

A detailed analysis of working fluids examines their thermophysical properties, avail-
ability, and environmental impact.

The focus then shifts to the design criteria of the energy system, and a standardized
model for a prospective energy plant develops a blueprint for discussing the various
components and their roles within the system. Following this, the criteria for analyzing the
thermodynamic cycle are detailed, emphasizing efficiency and practical applicability.

This research then transitions into an application phase, shifting from heat recovery
and thermal source analysis to engineering a functioning system and assessing its perfor-
mance at the plant level. This phase is augmented by drafting guidelines for selecting the
optimal working fluid through exergy analysis and detailing the process for sizing the
evaporator and condenser.

The approach follows energy engineering design principles, adopting the DWSIM
software (version 8.7.1) for process engineering. This tool assists in designing the system
and conducting calibration tests. Following this, simulations evaluate thermodynamic
parameters and assess energy performance.

3. Power Consumption, Heat Fluxes, and Cooling in Data Centers

Data centers are responsible for approximately 3% of global electricity consumption
and contribute to around 4% of total greenhouse gas (GHG) emissions [37].

The electric demand has seen a significant upsurge, increasing by at least ten-fold [9].
Past estimates projected a demand of 8-15 kW /m? for the current decade [38]. Modern
data centers feature servers with power densities ranging from 0.5 to 2 kW /m?, leading to
power requirements of up to 30 kW per rack. Interestingly, these servers consume at least
60% of their nominal power even to maintain standby mode. In the United States alone,
energy consumption has grown from 28 billion kWh in 2000 to an estimated 140 billion
kWh in 2020 [39]. High-density facilities reach consumption rates equal to 40 kW /m?,
while extremely dense communication equipment has seen rates as high as 96 kW /m? [40].

The primary energy consumers within these centers are information technology (IT)
equipment and their associated heating, ventilation, and air conditioning (HVAC) systems.
Operations lead to heat generation, whose management is one of the most critical challenges.
Estimates indicate that cooling constitutes 30-50% of the total energy usage [41,42].
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Effective thermal management systems are essential to handle thermal loads while
ensuring the electronic components are within safe operational temperatures. The poten-
tial for recovering and reusing waste heat energy in data centers presents a significant
opportunity to reduce operational costs. The literature estimates that up to 70% of the
waste heat can be recovered [1]. Despite the abundance of this thermal energy, its quality
is relatively low. This low-grade source poses a challenge for reuse through conventional
thermodynamic cycles and processes, requiring innovative approaches to harness this
energy resource effectively. The temperature limits of the electronic components, typically
around 85 °C, constrain the maximum temperature [12].

Within data centers, there is a notable variation in temperatures across different
electronic components housed in racks, leading to diverse heat dissipation rates.

These insights are in Table 1. It effectively compiles and displays key aspects, system-
atically organizing data from sources [12,31,37]. The table provides a concise overview,
presenting the main characteristics of components and cooling systems.

Table 1. Data center power characteristics and cooling systems [12,31,37].

Distribution of Heat and Temperatures Power Loads

Component Heat Share Temperature Component Heat Share
Microprocessor 30% 85°C Microprocessors 63%
bC/DC 10% 50°C DC/DC 13%
conversion conversion
1/0 processor 3% 40 °C High 1/0 processor 10%
Standard Server AC/DC 5% 5500 performance Memory chips 149%
conversion cluster
Memory chips 11% 70°C
Fans 9% 30°C
Disk drives 6% 45°C
Motherboard 3% 40°C
Other 3% -
Heat sources and stream
Cooling Parameter Value Cooling Parameter Value
Cold aisle (CRAC supply) temperature 10-32 °C Watez;:}:fly to 60-75 °C
Hot aisle (CRAC return) temperature 50-65 °C Wate;‘;ls:rfrom 2-5°C
Temperature rise over servers 10-20 °C Flow rate per rack 840-1680 kg/h
Air cooling Air flow rate per rack 321-4013 m®/h Water Cooling AT ﬁ:z)nl‘;gvater 5-18°C
Buffer heat
Chiller water supply to CRAC 7-10°C exchanger 840-1680 kg/h
flow rate
Buffer heat 3.5°Cab
Chilled water return from CRAC 35°C exchanger supply avove
ambient
temperature
o Coolant supply to o
Coolant at evaporator 60-75°C 60-75°C
evaporator
Coolant at condenser 90 °C Coolant exit from 75-80 °C
Two-phase Two-phase evaporator
cooling with Condenser cooling fluid inlet 30°C co olfng with C.onderTse'r 30°C
vapor compressor liquid pump cooling fluid inlet
Condenser
Condenser cooling fluid outlet 90 °C cooling fluid 45-90 °C
outlet
Summary data
Heat recovery 70% (max)
Power consumption range 8-15 kW /m?

In addressing the challenge of the cooling process, studies have focused on air cooling,
liquid (water) cooling, and two-phase fluid-based systems. Air cooling solutions are
predominant due to their simplicity, accounting for about 70% of usage [42]. The design of
these systems aims to circulate air and form distinct hot and cold aisles between the server



Appl. Sci. 2024, 14, 6046 6 of 27

racks, as depicted in Figure 1. The cooling strategy is tailored to specific rows or directly to
individual racks. The air distribution in these systems is typically 63% within the room,
23% between aisles, 12% along the rack rows, and 2% targeted at individual racks [42].

Building Ceiling

< {\' Ceiling . A‘ /\

Figure 1. Air flow in a typical data center [42].

For high heat flux dissipation, around 100 W/cm?, the heat removal capacity of forced
air systems is estimated to be about 37 W/cm?. This request necessitates more efficient
cooling systems like liquid-based or two-phase cooling [43]. Efficient air cooling systems
typically supply cold air at 25 °C, with the exhaust air returning at 4045 °C to the computer
room air conditioning (CRAC) unit [43-45]. In these CRAC apparatuses, the heat from the
hot air is typically expelled outdoors through a chiller and cooling tower loop.

Water cooling has proven more effective. An in-depth study of water-cooled high-
density servers underscored the benefits of this approach [46]. For instance, in an analysis
involving a 150 W dual-core chip and an 8 W memory chip, a water flow rate of 0.95 L/min
maintained the chip temperature at 65 °C, with the maximum temperature of the incoming
water being 28 °C [47]. On average, waste heat temperatures range between 60 °C and
70 °C [43]. Two-phase cooling has been recognized for its superior performance, removing
heat fluxes ranging from 0.8 kW /cm? to 27 kW /cm?, exhibiting waste heat temperatures of
about 70-80 °C [12,43]. Multiphase systems offer advantages like four times lower mass
flow rates, ten times lower pumping power, and two times smaller facilities [48].

4. Overview of Heat Reuse from Data Centers

A standard and straightforward method of reusing heat from electronics involves inte-
grating it into HVAC or hot water production systems. For instance, the temperature range
of waste heat captured from air-cooled servers (3545 °C) is high enough for repurposing
in heating applications.

A study [43] examines a scenario involving a data center with 100,000 servers, whose
waste heat is exploited by a 175 MW coal-fired power plant for pre-heating purposes.

Microevaporators at the chip level were set to an evaporation temperature of 60 °C,
while the condensing temperatures for the two-phase liquid pumped and two-phase vapor
compression cycles were assumed to be 60 °C and 90 °C, respectively. Simulations from this
study suggested that using waste heat from data centers to pre-heat the boiler feed water
in such a power plant could enhance its efficiency by up to 2.2%. The temperature of heat
extracted from water-cooled data centers typically falls within the 60-70 °C range, which is
suitable for pre-heating boiler feed water. Another interesting application of waste heat is
in absorption cooling systems. Several studies [49-51] have calculated a 0.7 coefficient of
performance (COP) by recovering 50.2 kW of waste heat at 88 °C.

Other engineering solutions focus on recovering energy through ORC systems. The
ORC process converts waste heat directly into electricity. The thermal efficiency of such
cycles generally ranges between 5% and 20% [51,52]. Ebrahimi et al. [31] investigated
an integrated ORC two-phase cooling system that recovers waste heat from data center
electronics. In this setup, the cooling system serves as the heat source for the ORC plant.
The overall energy efficiency of this integrated system was calculated to be between 5%
and 10%, depending on the specific ORC and coolant fluids used.

Regarding less-known technologies, the piezoelectric approach is particularly suitable
for low-power applications [1,53]. Research focusing on the Seebeck effect has theorized
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efficiencies ranging from about 5% to 15-20% when applied to waste heat from electron-
ics [54]. However, the literature review highlights that piezoelectric generators exhibit high
costs, low conversion efficiencies, and low power output when applied to data centers [12].

5. Waste Heat Recovery (WHR) Based on ORC Technologies

Compared to traditional steam power plants, ORC systems adopt organic fluids with
higher molecular mass and lower boiling points as working fluids. The ORC units are
suitable for small-scale applications, with electric power ranging between 1 kW and 10 MW.
The main advantage of this technology lies in its ability to exploit low-temperature and
waste heat from several sources, such as industrial processes [55,56], internal combustion
engines [57,58], geothermal energy [59,60], solar energy [61,62], biomass [63,64], and, also,
the waste heat generated by data centers [3,65]. The adoption of ORC for low-temperature
WHR has many advantages, like simple mechanical structure, low pressure, convenient
maintenance, and remarkable economic benefits [66,67].

The increasing interest in small-scale systems for WHR purposes, with time-variable
conditions of the heat source and heat sink, raises the issue of off-design plant opera-
tion [68-70]. This area of low-temperature heat sources has been the subject of several
comprehensive review papers that delve into a broad range of topics, from technical
and energy-related issues to those focusing on the characteristics of the heat source and
economic considerations [71-75].

Specifically, the study in [75] provides an in-depth review of WHR using ORC, exam-
ining various system designs discussed in the literature. The paper covers a variety of ORC
configurations, including those used as bottoming cycles, in combined cycles, alongside
heat pumps and multi-fluid systems, as well as real-world industrial applications. The
conclusions drawn highlight ORC as both technically and economically feasible.

Typical ORC systems often encounter significant exergy losses in the evaporator due
to a mismatch in temperature between the heat source and the working fluid [76-78].
Trilateral cycle (TLC) and organic flash cycle (OFC) variants are emerging as promising
alternatives. These cycles offer improved performance and a better alignment of tempera-
tures between the heat source and working fluid in the evaporator. However, both TLC
and OFC are currently undergoing further technical refinement. The unique feature of TLC
is its expansion process beginning at the boiling point while the fluid is still in a liquid state,
leading to entry into the two-phase region and thus employing a two-phase turbo-expander.
On the other hand, OFC represents a middle ground between TLC and the conventional
ORC. In OFC, an initial expansion occurs at the boiling point in a two-phase state, followed
by a division of the flow rate—one part is brought to saturated liquid conditions via an
iso-thermobaric process and then expanded, while the other reaches saturated vapor con-
ditions for subsequent expansion. This approach effectively lowers the latent-to-sensible
heat ratio of the working fluid in the ORC heater, cooling the waste heat flux to lower
temperatures more efficiently.

Furthermore, transcritical ORCs are noteworthy due to their superior efficiency over
subcritical configurations [79,80]. The advantages of transcritical systems stem from their
ability to offer significant reductions in size and facilitate more effective heat transfer from
the heat source to the organic fluid [81,82]. This efficiency gain is mainly due to minimized
irreversibility and reduced energy loss. Comparative analyses of optimized systems have
shown that transcritical setups usually have shorter payback periods than subcritical
ones across various working fluids, with reductions reaching up to 90%. For instance, a
study detailed in the referenced work [81] conducts a techno-economic evaluation of an
innovative CHP hybrid biomass/solar transcritical ORC system operating with a medium
thermal oil at 350 °C, demonstrating notable efficiency even under partial load conditions.
Similarly, another study examines the transcritical ORC system adoption to harness a
high-temperature geothermal source at 230 °C [82].
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6. Plant Layout and Design Criterion

This segment explores the standard configuration of an energy system utilizing organic
Rankine cycle architecture, designed to capitalize on waste heat. The foundational design
principles refer to core thermodynamic and energy engineering rules generally shared
in the literature [75,83,84]. Figure 2 illustrates various aspects of this design with the
overall layout of the plant (a), the corresponding thermodynamic cycle (b), the indirect heat
recovery (c), the direct heat recovery (d), and the schematic of the general configuration (e).
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Figure 2. Plant layout (a), thermodynamic cycle (b), indirect heat recovery (c), direct heat recovery (d),
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Figure 2a displays the system components and the potential engineered streams. The
boiler, integral to producing vapor, receives heat from the primary source and consists
of an economizer (2-3), evaporator (3—4), and superheater (4—4*). Accordingly, a pre-
heating phase would be possible in the case of internal regeneration or when other thermal
sources are available. A pump is responsible for circulating and increasing the pressure
of working fluid. Saturated (point 4) or superheated (point 4*) conditions at the entrance
of the turbine are possible depending on the adoption of the superheater. The system can
integrate an internal regenerator to exploit the fluid energy content at the exit of the turbine
(point 5 or 5%, with or without the superheater, respectively) and pre-heat the organic fluid
(point 2) before the entrance to the boiler. A reservoir is typically used as a buffer tank [75].
Some authors even consider additional regenerative spills while expanding partial flow
rates [85].

Figure 2b outlines the thermodynamic cycle and the fluid transformations. Figure 2c,d
pertain to heat transfer from the heat source. Specifically, the indirect heat recovery
(Figure 2c) generically illustrates the adoption of an intermediate thermal liquid (water)
for heat transfer from the source to the ORC system [86]. A pump is required to circulate
the fluid into the evaporator. Direct heat recovery (Figure 2d) involves using air directly
from electronics cooling. In this case, an additional blower drives air into the ORC evapora-
tor. The heat recovery assumes cooling fluid coming from high-temperature electronics
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(considering temperatures up to 85 °C of the microprocessors [12]), given the necessity of
having high-quality heat for the ORC system. Consequently, for the proposed analysis,
the air return temperature ranges between 50 and 60 °C (direct heat recovery), and the
corresponding values for water are between 50 and 80 °C (indirect heat recovery), according
to the literature [12]. The cooling techniques for the sake of system simplicity are one-phase.
For illustration purposes, Figure 2¢,d display the potential temperatures achievable at the
various stages of the heat transfer process, from electronics to the ORC boiler.

It is important to emphasize that some enhancements, like regenerative pins, pose chal-
lenges in implementation. However, this discussion aims to provide a general framework of
various strategies for cycle improvement. For smaller systems, adopting specific solutions
can be particularly challenging due to a prevailing inclination toward simplifying plant
designs. Moreover, even large-scale systems frequently result from the parallel assembly of
smaller sub-modules. Thus, the configuration depicted in Figure 2b represents a broadly
applicable model.

Figure 2e concludes with a scheme showing the path to generating electric energy from
waste heat through a recovery plant, highlighting the choice of suitable energy technology and
the appropriate working fluid. The following paragraphs will delve deeper into these aspects.

After presenting the potential system layouts, the design criteria are detailed. Fun-
damental design equations, such as that for energy conservation (1), are outlined. The
Bernoulli-related equation plays a key role in modeling, linking the operating pressure
with the pump head, and aiding in the design of fluid circulation (2).

Energy conservation

. . aT
Zimihi—zomohozmcpa (1)
Bernoulli equation
—p; V307
Hpy =20 —z;i + Po — Pi + -2 L+ Yior (2)
ps 28

where 1 represents the mass flow rate, & is the enthalpy, m corresponds to the mass, ¢, is
the specific heat, T is the temperature, and f is the time, while subscripts i and o refer to
inlet and outlet sections, respectively. Furthermore, Hy, is the pump head, Y}, represents
the head losses, and z, p, and v are the fluid height, pressure, and velocity, respectively.
The heat transfer model is crucial when considering the heat source side, specifically
for heat exchange from waste heat (3)—(5):
Heat transfer

: AT
Qp = Up A ATj = & ©
k
Tek 7
ln 1 ln ekn
1 Lk (rik ) Lk (rik ) ]_
Ry==—+ , L +...+ , g + = 4
g hk,"A /\kl'A ank')‘kl /\ky,'A 27TLkn~/\kn hkf'A @)
1 1
u= = 5)

% + %, {ln(%)~ravel} +...+ %’ {ln(%)rm)m} + % Rior A

where Q is the thermal power transferred through heat exchangers, U represents the
thermal transmittance, A corresponds to the area, AT is the temperature difference, R is the
thermal resistance, h represents the convective heat transfer coefficient, Ay is the conductive
heat transfer coefficient, and subscript k refers to the generic component.

Lastly, attention is on the saturation process. The saturation pressure and temperature
depend on the characteristics of the heat source, particularly its supply temperature. The
Antoine equation can be employed to calculate saturation, as detailed in (6). This equation
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articulates the correlation between the saturated vapor pressure (p;) and temperature (T;)
for chemically pure liquids and their mixtures [87]:
Antoine equation

logyo(ps) =a—b/(Ts +c) (6)

where g, b, and c are coefficients depending on the fluid.

Energy analysis of the thermodynamic cycle

Table 2 summarizes the power involved in ORC system components, according to
Figure 2.

Table 2. Power involved per ORC component at cycle level.

ORC Configuration with
Component Power
Superheater Regenerator
Pump Yes; No Yes; No Py =m (hy —hy) = gm Hu/np (7)
Boiler Yes No Qboil =m (h4* — hz) (8)
No No _Qboil =m (h4 — h2) (9)
Yes Yes Qpoit = M (hgs — hys) (10)
No Yes Qpoil = m (h4 - h7) (11)
Turbine Yes Yes; No Py =m (hg — hs+) (12)
No Yes; No Py =m (hy — hs) (13)
Condenser Yes No and =m (hs- — hy) (14)
No No Qcond =m (h5 - hl) (15)
Yes Yes Qcond =m (h6 — hl) (16)
No Yes Qcond = 11 (he — 1) (17)
Regenerator Yes Yes deg =1t (h7- — hp) = fjReg  (hs5+ — hg) (18)
No Yes Qreg =m (h; —hy) = "Reg m (hs — he) (19)
Yes; No No -

Ultimately, the analysis culminates with efficiency evaluation at the cycle (7c) and
system (77sys) levels (20) and (21).
Energy performance of the cycle
Py — Py

Heye = ——— (20)
Qbpoil

Energy performance of the system

Pel,t - Pel,p - Pel,aux
Qs
The subscript ¢ refers to the turbine, p to the pump, boil to the boiler, &s to the heat

source, aux to the auxiliary equipment, and el to the electric vector. Specifically, the electric
power of the turbine and pump is calculated as follows:

Nsys =

(21)

Pel,t = Nel,t Nm,t P (22)

Pel,p = Pp / (Uﬁl,p nm,p) (23)
and the heat source thermal power is

Qus = Qboit / Mns (24)
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where 7, is the electric efficiency, 77, represents the mechanical efficiency, and #;; accounts
for the heat transfer efficiency at the boiler.

7. Analysis of Working Fluids for Low-Temperature ORC

Selecting an appropriate working fluid is a critical aspect in the design of an energy
recovery system based on an ORC architecture [88,89]. The design and evaluation of
evaporation and condensation processes are crucial. Matching the critical temperature of
the ORC fluid with the maximum temperature of the thermal source is essential, enabling
the system to attain the maximum saturation pressure on the fluid. Similarly, managing
condensation is essential to optimize the ORC energy performance.

A compilation of potential working fluids is provided to assist technical designers
in this initial stage. Table 3 serves as a comprehensive database for these fluids, detailing
parameters such as the recognition code, ozone depletion potential (ODP), and global
warming potential (GWP), along with key thermophysical properties like molecular mass,
boiling point, critical temperature and pressure, and latent heat of evaporation, according to
the literature [90-93] and chemical databases. ODP indicates the potential negative impact
on the ozone layer, with trichlorofluoromethane (R-11) as a benchmark (i.e., ODP = 1). On
the other hand, GWP measures the greenhouse effect compared to carbon dioxide (CO5),
which has a standard potential of 1.

Table 3. Working fluid selection for low-grade heat exploitation.

Global

Ozone . Boilin, o ,
Code Name Depletion }’)Varml;lgl Pointg Mvt\),ln?m;lar "I(“: ritical If: ritical Latent Heat
Potential otentia (0.1 MPa) eight emper. ressure
(100-Year)
ODP GWP Ty MW T, P A
[-] [-1 [°C] [g/mol] [°Cl] [MPa] [k]/kg]

1 HC270 Cyclopropane 0 0 —32.75 42.08 125.15 5.58 366.18
2 R21 Dichlorofluoromethane 0.01 151 8.92 102.92 178.33 5.18 216.17
3 R22 Chlorofluoromethane 0.05 1810 —9.10 64.48 96.15 4.99 158.46
4 R23a Trifluoromethane 0 14760 —82.10 70.01 26.14 4.83 89.69
5 R32 Difluoromethane 0 675 —52.15 52.02 78.11 5.78 218.59
6 R41 Fluoromethane 0 92 —78.15 34.03 4413 59 270.04
7 R116a Hexafluoroethane 0 12200 —78.00 138.01 19.88 3.05 30.69
8 R123 2,2-Dichloro-1,1,1-trifluoroet. 0.02 77 27.00 152.93 183.68 3.66 161.82
9 R124 2-Chloro-1,1,1,2-tetrafluoroet. 0.02 609 —12.00 136.48 122.28 3.62 132.97
10 R125 Pentafluoroethane 0 3500 —49.00 120.02 66.02 3.62 81.49
11 R134a 1,1,1,2-Tetrafluoroethane 0 1430 —26.07 102.03 101.06 4.06 155.42
12 R141b 1,1-Dichloro-1-fluoroethane 0.12 725 32.05 116.95 204.35 421 215.13
13 R142b 1-Chloro-1,1-difluoroethane 0.07 2310 —10.00 100.5 137.11 4.06 185.69
14 R143a 1,1,1-Trifluoroethane 0 4470 —47.00 84.04 72.71 3.76 124.81
15 R152a 1,1-Difluoroethane 0 140 —24.65 66.05 113.26 4.52 249.67
16 R170a Ethane 0 20 —88.55 30.07 32.18 4.87 223.43
17 R218 Octafluoropropane 0 8830 —37.00 188.02 71.87 2.64 58.29
18 R227ea 1,1,1,2,3,3,3-Heptafluoroprop. 0 3220 —15.61 170.03 102.80 293 97.14
19 R236ea 1,1,1,2,3,3-Hexafluoropropan. 0 6300 6.19 152.04 139.29 3.5 142.98
20 R245ca 1,1,2,2,3-Pentafluoropropane 0 693 25.00 134.05 174.42 3.93 188.64
21 R245fa 1,1,1,3,3-Pentafluoropropane 0 1030 58.80 134.05 154.05 3.64 177.08
22 R290 Propane 0 20 —42.11 441 96.68 425 292.13
23 RC318 Octafluorocyclobutane 0 10250 —5.85 200.03 115.23 2.78 93.95
24 R3-1-10 Decafluorobutane 8860 —2.00 238.03 113.18 2.32 77.95
25 FC4-1-12 Dodecafluoropentane 9160 27.85 288.03 147.41 2.05 86.11
26 R600 Butane 0 20 —0.49 58.12 151.98 3.8 336.82
27 R600a Isobutane 0 20 —12.00 58.12 134.66 3.63 303.44
28 R601 Pentane 0 20 36.06 72.15 196.55 3.37 349
29 R601a Isopentane 0 20 27.83 72.15 187.25 3.38 343.28
30 R717 Ammonia 0 0 —33.00 17.03 132.25 11.33 1064.38
31 R744 Carbon dioxide 0 1 —78.45 44.01 30.98 7.38 167.53
32 R1270 Propylene 0 20 48.00 42.08 92.42 4.66 284.34
33 Propyne —23.20 40.06 129.23 5.63 431.61
34 R32 Difluoromethane 0 675 —52.00 52.02 78.11 5.782 218.59
35 R152a 1,1-Difluoroethane 0 124 —25.00 66.05 113.26 4.515 317.94

As also anticipated, selecting the appropriate working fluid for a bottoming plant pow-
ered by WHR from data centers involves considering various critical factors. These include
the fluid’s boiling point, critical temperature, environmental impact, and availability.

Usually, proper organic fluids present critical temperatures 25-35 °C lower than the
source thermal level when the waste heat target temperature is unconstrained. Organic
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fluids with high critical temperatures represent the most suitable choice for constrained
target temperatures.

However, it is impossible to define a single optimal ORC working fluid for specific
thermal sources and applications, owing to the numerous available selection criteria and
organic fluids [94]. The screening method is a popular approach for fluid selection but has
limitations as it does not fully consider the practical design of the cycle. An alternative is
the operating map approach, a pre-selection tool that considers the interaction between the
expander, heat exchangers, and the working fluid to narrow down the possible choices.

The study reported below complements the data presented in Table 3 with a summary
derived from recent literature, offering insights into the performance of ORC systems when
integrated with low-grade WHR.

The study by [92] addresses the selection of working fluids for an ORC driven by
refinery waste heat. The authors analyzed the performance of several substances of the
R-type family. Fixing the condensation temperature at 45 °C, the R-fluids offered thermal
efficiencies ranging between 7% and 17% at evaporation temperatures of 100-195 °C. The
focus primarily rests on four candidates: R600a, R236ea, R227ea, and R601. When the
target temperature of the waste heat source was higher than 120 °C, R601 appeared as the
optimum working fluid. The findings indicated that R600a showed the highest thermal
efficiency and maximum power output, and it recovered the entire waste heat under all
evaporation temperatures. R236ea exhibited almost the same thermal efficiency as R600a
while maintaining robust performance. Conversely, R227ea and R601 had higher thermal
efficiency under a few conditions but generally performed less satisfactorily.

Herath et al. [93] analyze the behavior of ORC systems adopting several working
fluids (e.g., benzene, acetone, propane, ethanol, and methanol, in addition to the conven-
tional R-fluids, like R134a and R245fa). The results highlight thermal efficiency increases
associated with evaporator pressure changes (globally 10-18.5% at 11-15 bar, spanning
an evaporator temperature of 70-227 °C) and decreases with condensation temperature
increase. In this study, benzene is selected as the best fluid, implying significantly improved
efficiencies for several operating conditions compared to other ORC fluids. In [90], the
performance of various organic working fluids in a geothermal ORC system is studied.
Five fluids are used while evaluating thermal efficiency, pump power consumption, and
the exergy efficiency of the system. The study concludes that R113 exhibits the best overall
performance, while R245fa has a slight advantage over other fluids in terms of turbine
power output. Considering the refrigerant, the study suggests that R600a has a superior
ratio of area—system power, although the pump power required is significantly higher than
other organic working fluids. A maximum system thermal efficiency of 5-5.5% is assessed
at 100 °C, according to the fluids selected (R600a, R245fa, R141, R123, R113b).

The article in [86] discusses the experimental characterization of an ORC system for
geothermal energy conversion. The system consists of a recuperative ORC equipped with a
scroll expander and a direct contact evaporator (water/organic fluid) with counter-current
gas/water heat exchange. The heat source temperature range was 65-85 °C, while the
operating pressure was 10.9-16.8 bar. The experimental results showed that the tested
system can operate with 5% efficiency using R123. The paper by [95] presents a simulation
study on an ORC system with four different working fluids, namely R134a, R32, R407a,
and R422¢, to determine the thermal efficiency of the system in various temperature
setups of the evaporator and condenser. The study assumes a mass flow rate of 0.15 kg/s.
The results show that the optimum and realistic efficiency is achieved using R32 with a
thermal efficiency of 7.0% at the evaporator exit temperature of 75 °C and condenser exit
temperature of 45 °C. The higher efficiency obtained using R407a and R422c seems to
be uncompromised.

Pasinato [91] aims to assess the thermodynamic performance of 20 working fluids for
an ORC. The investigation evaluates the fluids based on several technical criteria, such
as critical temperature, boiling point, and heat transfer coefficient. The results show that
the choice of working fluid significantly impacts the ORC performance and that the most
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influencing parameter for assessing fluid performance is the critical temperature. The
study concludes that R245fa, R245ca, R123, R141b, and benzene, in that order, are the
best-performing fluids for a temperature range of 197-380 °C.

Dai et al. [96] review the thermal stability of several working fluids and discuss three
methods for measuring thermal stability: differential scanning calorimetry (DSC), pressure
changes, and rapid experimental methods. The results reveal that the thermal stability of
working fluids mainly depends on their chemical properties, not their physical properties.
R245fa and R1336mzz-Z are recommended as working fluids with good thermal stability.
The study by [97] applies the technique for order preference by similarity to an ideal solution
to determine properties. The Pearson correlation coefficient (R) is calculated to identify the
statistical relation between the physical properties. The investigation illustrates pentane
as a clean and thermally superior fluid, followed by butane, cyclopropane, and isobutane.
However, chlorofluorocarbons (CFCs) and hydrofluorocarbons (HFCs) acquire good ranks
but pose serious environmental threats. The study also concludes that a combination of
thermal and environmental properties is necessary for selecting suitable organic fluids
for ORC.

The study by [98] explores the choice of suitable working fluids through exergy—
economic analyses, considering a heat source temperature of 120 °C and a pressure ratio
of approximately 3. Objective functions for system optimization include exergy efficiency
and the cost rate of electricity, evaluating each fluid based on optimal operating conditions.
Exergy efficiency ranges from 15% to 22%, while thermal efficiency ranges from 4.4% to
6.2%. R134a and isobutane demonstrate the highest exergy efficiencies and represent the
most appropriate working fluids for investigated ORC systems. The methodology entails
simulating the thermodynamic performance of a regenerative ORC that harnesses low-
temperature heat sources. The results indicate that the optimal working fluid for ORC,
considering parameters such as expander size, system efficiency, and pressure, lies between
R290 and R134a or R600a.

8. Application Case

This paragraph aims to complete the analysis by presenting an application case for
an ORC energy system using the waste heat deriving from data center cooling as a heat
source. For this purpose, modeling is carried out in the DWSIM environment. The system
is scrupulously designed through a series of iterative tests, calibrating, if necessary, the
heating flows, responsible for the evaporation of the organic fluid, and the cooling flows,
responsible for condensation. The model defines the minimum flow rates required to
establish the energy cycle.

The evaporation and condensation processes of the ORC fluid are delicate, as already
known. The critical aspects concern (1) the ability to evaporate the fluid with hot air or
liquid at the available temperatures and (2) the ability to condense with available natural
resources such as ambient water. Therefore, the limit temperatures depend on the waste
heat level of the data centers and water from the distribution circuit or any available well.
Within these boundaries, each organic fluid responds as a function of its thermophysical
capabilities, i.e., a more or less high maximum evaporation pressure and a more or less low
condensation pressure, which imposes the condensation temperature.

Preliminary model validation has been performed with literature data [99] referring
to ORC systems to harness geothermal sources in Southern Italy. The same subcritical
regenerative configuration is recreated in the DWSIM computational environment, using
isopentane as the working fluid and maintaining consistent operating conditions. The
analysis illustrates that the proposed model well characterizes the ORC performance. As
an example, Figure 3 compares literature data and model results in terms of specific work
(Figure 3a) and thermal efficiency (Figure 3b) as a function of the evaporation temperature.
The percentage differences range between 0.6% and 1.4% for all the investigated conditions
and parameters, indicating the accuracy of the proposed ORC model. This validation
process serves as a demonstrated robust tool for conducting simulations.
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Figure 3. Validation of the proposed numerical model. Comparison with literature data in terms of
specific work (a) and cycle efficiency (b).

Based on the preparatory analyses conducted, it is plausible to consider a data center
with an average power density of at least 10 kW /m?. Two flow streams provide heat to the
ORC system. One flow is pertinent to the ultra-low temperature of air (LT-AIR), tasked with
cooling the data center rooms, characterized by an outlet temperature of approximately
30 °C, to pre-heat the ORC organic fluid. The second flow at high temperature (HT-FLOW)
is responsible for the evaporation.

For this purpose, the investigations consider a scenario involving forced air and
another with liquid water. Specifically, the liquid water is assumed to return from the
conditioning unit with temperatures ranging between 50 and 80 °C [12,31]. On the other
hand, the forced air presents an output temperature range of 50-60 °C [12,31] (Table 4).

Table 4. Calculation settings.

Section and Stream Parameter Notes
30 °C (pre-heating)
Heat source Temperature 50-60 °C (Air)
50-80 °C (Water)

Mover Blower

AT pinch-point ~10°C
Mass flow rates Calibrated through tests

Condensing water Temperature 10 °C
Mass flow rate Calibrated through tests

Mover Pump

ORC fluid Pentane and isopentane

Mass flow rate 1kg/s
Max pressure Calibrated through tests
Min pressure Calibrated through tests

Models Soave-Redlich-Kwong Advanced (air)

Peng—Robinson 1978 Advanced (ORC fluid)
Steam Tables [APWS-IF97 (water)

In envisioning the system design, ducts leading from the pumped hot water and
air blower to the heat exchanger represent a feasible approach (then acting as the heat
source for the organic Rankine energy system). The ORC plant is engineered as depicted in
Figure 4. It responds to the Rankine scheme, including the pre-heating and evaporation
section, the condensation part, the pump for fluid pressurization and circulation, and the
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expander dedicated to energy generation while reducing and bringing the pressure back to
the initial level.

PUMP-ORC

LT AIR ' L’ vl '
PRE-HEAT

1a_ph

TURBO-EXP £1 ‘

11 it = '?

COOL WATER

PUMP-WA

Tcp

Figure 4. System layout simulated in DWSIM environment.

The heat provision is attributed to the chain of heat exchanger PRE-HEAT /ECO/EVA /SUP-
HEAT, where the pre-heating of the ORC fluid and its evaporation occurs, while the cooling
and condensation processes take place in the chain DE-SH/COND/L-COOL. Ambient
water is used for condensation.

Table 4 includes the calculation setting of the ORC system. As previously mentioned,
primary heat source temperatures range between 50 and 80 °C when using water and
between 50 °C and 60 °C when using air. An additional air mass flow rate at 30 °C is for
pre-heating purposes.

The condensing water is at an underground temperature of 10 °C. The ORC system
operates with a 1 kg/s mass flow rate, and iterative tests define the upper and lower
pressure limits. This procedure also applies to the air-evaporating and water-condensing
mass flow rates.

Given the broad range of ORC working fluids suitable for low temperatures, the
selection narrows significantly under imposed temperature limits, such as the evapora-
tion temperature, which needs to align with the thermal resource, and the condensation
temperature, which needs to be compatible with the cold-water resource.

With these constraints, the focus has shifted towards pentane and isopentane as work-
ing fluids. The selection of these fluids is guided by insights from the reference literature,
highlighting their suitability for efficient low-grade waste heat recovery [1,100,101] and low
environmental impact [74,102]. The corresponding zero ozone depletion potential (ODP)
and low global warming potential (GWP) represent fundamental factors in promoting the
transition toward clean data centers.

Based on the previous configurations, simulations are conducted in the DWSIM com-
putational environment. The focus is on calculating a comprehensive set of thermodynamic
parameters, including pressure, temperature, mass density, enthalpy, entropy, and the
fractions of liquid and vapor, as well as energy parameters such as input and output
power. Figure 5 displays the results for the ORC system using pentane as the working fluid,
whereas Figure 6 pertains to isopentane. Each figure consists of the thermodynamic cycle
(a), a chart presenting pressures, pressure ratios, and system efficiency (b), a chart reporting
evaporation and condensation temperatures and net energy (c), the mass ratios between
the heat source and the ORC fluids, and the condensation water and the ORC fluids (d).
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Figure 5. Performance for pentane with different hot fluids at various temperatures (water: 50 °C
and 80 °C, air: 50 °C and 60 °C). Thermodynamic cycles (a); electric efficiency and pressure (b); net
energy and temperature at evaporator and condenser (c); mass flow rates (d).

For pentane, the evaporation temperatures achieved are 45.8 °C and 74.2 °C, corre-
sponding to hot liquid water temperatures of 50 and 80 °C, respectively. Evaporation
temperatures of 43.5 °C and 53.8 °C are registered using hot air at 50 °C and 60 °C. The
condensation temperature is 17.1 °C for all cases. The maximum saturation pressures that
the system can handle limit these temperatures. This detail is in Figure 5b, where tests
have determined the maximum evaporation pressure to be 1.4 bar and 3.2 bar for water
and 1.3 bar and 1.8 bar for air. These values are associated with pressure ratios of 2.8-6.4
(adopting hot water) and 2.6-3.6 (adopting hot air), respectively, which have a lower limit
associated with the minimum temperature of the natural water, which, in turn, determines
the condensation pressure. Consequently, the net electric efficiencies at the system level are
3.9% and 7.1% (for water), and 3.4% and 4.7% (for air), respectively.
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Figure 6. Performance for isopentane with different hot fluids at various temperatures (water: 50 °C
and 80 °C, air: 50 °C and 60 °C). Thermodynamic cycles (a); electric efficiency and pressure (b); net
energy and temperature at evaporator and condenser (c); mass flow rates (d).

The net electric energy delivery ranges from 31.1 k] /kg to 58.7 kJ /kg, with hot water
as a heat source, and moves from 29.5 kJ /kg to 40.1 k] /kg using air (Figure 5c). The final
chart (Figure 5d) shows that to evaporate 1 kg/s of pentane, a mass flow rate of 25 and
19 kg/s is necessary using hot liquid water, while 67-70 kg/s is required using hot air.
Similarly, the temperature range of cold water derived for ORC condensation is about
14-15 kg/s.

The same considerations apply to isopentane as the working fluid, with results detailed
in Figure 6. Without delving into the specifics, the net electric efficiency at the system
level ranges from 3.7% in the worst case to 7.0% in the best case. The pressure ratios vary
from 2.7 to 6.0, with a maximum operating pressure of 3.6 bar. The results align closely
with the existing literature. The efficiency also accounts for the auxiliary power due to the
water pump.
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9. Discussion

The previous analysis demonstrated that ORC systems driven by hot water offer
higher efficiency than air-based systems and require lower flow rate input and size for the
primary heat exchanger to evaporate the organic fluid.

It is important to note that the temperatures of heat and cold sources significantly
influence the ORC operating conditions. For example, if alternative cold sources were
available, the condensation pressure could be significantly reduced, thereby expanding
the pressure ratio and the operational range of the turbo-expander. A practical instance
might include facilities that manage cold sources, such as those using refrigerants for
food preservation or medical centers and hospitals equipped with cryogenic fluids like
liquid nitrogen [103]. While this is just an example, it aptly demonstrates the potential for
energy and mass waste recovery, contributing to the waste-to-energy chain and the circular
energy economy, as well as clean energy production and decarbonization. Nonetheless, a
comprehensive system feasibility assessment must consider economic factors. This study
focuses on outlining the purely technical and energetic aspects, aiming to engineer a system
that is as realistic as possible.

The design approach outlined in this paper aligns with standard energy consumption
metrics commonly used in data centers [104,105]. For this purpose, the power usage
effectiveness (PUE), the energy reuse effectiveness (ERE), and the energy reuse factor are
adopted to evaluate the energy performance of data centers and the possible benefits of DC
heat exploitation through the proposed ORC systems.

The power usage effectiveness is as follows [105,106]:

_ Pir+Pc+Py

PUE
Pt

(25)
where Pjt is the power consumption of the information technology (IT) system, P4 rep-
resents the power request of the auxiliary equipment (e.g., uninterrupted power supply
units, highlighting system, control devices), and P¢ is the power demand of the cooling
apparatus.

The energy reuse factor and the energy reuse effectiveness are as follows [104,107,108]:

P, Porc
ERF = = 26
Pir+Pc+Pa  Pir+ Pc+Py (26)
_ P+ Pc+Py—P
Prr

where P, is the power reuse, equivalent to the ORC electric power for the investigated case.

The analysis considers a reference data center, whose main characteristics are in
Table 5 [109], as a possible example of DC heat reuse based on the results of the previous
sections. However, the main results can extend to similar configurations with different
sizes. The reference data center presents a total area for IT rooms equal to about 5700 m?,
with a total power for IT equipment and auxiliary systems equal to 12.9 MW and 0.97 MW,
respectively. The power usage effectiveness corresponds to 1.295.

The data center heat exploitation assures an ORC installation with 665 kW as the
maximum electric power at 3.7% electric efficiency, adopting isopentane as the working
fluid, 41.7 °C as the evaporation temperature, and liquid cooling for the DC apparatus.
The ERF index is 0.041, illustrating that the ORC electric power corresponds to 4.1% of
the total DC power request for IT equipment, auxiliary systems, and cooling apparatus.
The proposed organic Rankine cycle assures an energy reuse effectiveness equal to 1.242,
compared to a PUE equal to 1.295 in the reference scenario without DC heat reuse, in line
with the literature [110].

ERE * — PUE (1 — ERF) 27)
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Table 5. Main characteristics of reference data center [109].

Data Center (DC)
Location Beijing (China)
IT rooms 3
IT rooms area [m?] 1897.2
Racks per room 340
Power IT equipment [MW] 129
Power auxiliary systems [MW] 0.97
Cooling system Water-cooled chillers
Chillers COP [-] 5.5
DC power usage effectiveness [-] 1.295

The ORC integration assures a yearly 5972 MWh electric generation and saves 3328 tons
of equivalent carbon dioxide (tco,eq) in terms of greenhouse gas (GHG) emissions, adopt-
ing the 2023 emission factors for electric generation in China [111]. The GHG saving
associated with the data center electric request is 22.7 kgcop,eq/MWh, demonstrating the
significant potential to reduce emissions and promote a sustainable transition towards
a greener future, considering the expected continuous increase in data center electric
consumption in the next few years.

Guidelines for Further Analysis and Dimensioning

This section accompanies the calculations by offering a guide for a thorough analysis,
including exergy considerations. It also outlines the steps for designing the evaporator
and condenser.

Exergy analysis is pivotal when assessing and selecting an appropriate working fluid,
where the most favorable choice presents minimal exergy destruction during the heat
transfer process. The practical dimensioning includes the determination of the mass flow
rate of the working fluid and the corresponding sizing of the heat exchangers.

The exergy analysis is detailed in expressions (28) and (29), incorporating exergy
contributions such as physical, chemical, potential, and kinetic. The exergy balance is then

outlined in expression (29), encompassing the exergies at the inlet (E ;) and outlet (Eo), as
well as the thermal exergy at the inlet (E 0), the exergy contributing to the net useful power

(L N), and the exergy destruction (Edes)- Equations (30) and (31) calculate the thermal exergy
and exergy destruction, while Equations (32) and (33) regard the exergy efficiency (i) and

exergy defect ().
Exergy analysis

Ex =Epn+Ecn+ Epo+ Egi (28)
El’ + EQ = Eo + LN + Edgs (29)

: . T
Eq =Y Qe (1 - TO) (30)

k
Edes = To: [Zf_l o5 — Z?:l mi'gi_zzzl %{1 (31)
p=1-Y) 6 (32)

E
5 = desk. (33)
LAEj,

The sizing of the heat exchangers further complements the analysis. Figure 7 schemat-
ically displays the transfer from the waste heat source to the ORC.
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Figure 7. Heat exchange from the heat source to the ORC system.

Expression (34) determines the mass flow rate of the hot fluid (m,) resulting from
the DC cooling process required in the ORC system with 1 kg/s of the working fluid
(m). Following the principles of thermal engineering, the size (/o) of the evaporator is
calculated per mass flow rate of the hot fluid, as in (35).

Similarly, the principles apply to sizing the condenser. Equations (36) and (37) are
used to calculate the mass flow rate of the cold fluid (1) for condensation (relative to
1 kg/s of the working fluid) and the size (I,,4) of the evaporator (per mass flow rate of the
cold fluid), respectively.

Evaporator sizing (per kg of hot fluid)

iy hopoit — Hipoil (34)
i Mus Cpp (Tni — Thyo)

leva . {ﬂhs CPrh (Th,i - Th,o)} (35)
i,  Uea (rd) (AT}, )

Condenser sizing (per kg of cold fluid)

mc o hi,cond - ha,cond (36)

mo Hhs Cp,c (Teo — To i)

lcond _ Ths Cp,c (TC,D - Tc,z')

mc ucond (7‘['d) (ATln ) (37)

10. Conclusions

This paper provided a detailed framework for the energy exploitation of the low-
grade waste heat of data centers, considering their typical operating conditions and energy
streams, adopting ORC systems for electrical energy to promote an efficient transition
towards a more sustainable future.

Estimates suggest that power consumption in data centers ranges from 15 to 20 kW /m?,
potentially reaching as high as 96 kW/m? in specific instances. The resulting thermal
output is considerable, as electronics tend to heat up, making cooling an essential aspect of
their operation. The literature suggests that about 50% of the heat from cooling electronic
equipment can be exploited (and, in some cases, more than 70%). The discussion covered
various cooling strategies, including air, liquid, and two-phase fluid-based systems, and
their efficiency in thermal waste management. Air cooling systems, favored for their related
simplicity, represent approximately 70% of the cooling methods employed. Water cooling
has demonstrated greater effectiveness, enabling significant reductions in cooling flow
rates, albeit less commonly adopted compared to air cooling solutions. The waste heat
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from data centers typically manifests as warm air or hot liquid water. Concerning air-based
cooling, roughly 80% of the heat is at temperatures around 30 °C, related to overall air flow,
including within rooms, while the rest ranges from 50 to 60 °C, stemming from the cooling
of high-heat equipment. A corresponding temperature within a 50-80 °C range is typical
for liquid water.

The investigation thus supported the adoption of ORC technology as a viable method
for generating electricity from low-grade heat. The findings indicated that electric effi-
ciencies higher than 5% are attainable in data centers by employing ORC systems with
low-boiling fluids.

A crucial focus of this study was the analysis and selection of working fluids, high-
lighting that there is no universally optimal fluid for any specific temperature range or
application due to the potentially vast array of fluids and the varying criteria for selec-
tion. The key challenges encountered depend on the maximum and minimum operating
pressures. These concerns are related to (1) the capability to vaporize the fluid using the
available thermal source temperatures and (2) the capacity to achieve condensation with
naturally available resources, such as ambient water.

This paper proposed a standardized structure for an energy system, outlining the
components and their functions. For this purpose, an organic Rankine cycle was analyzed,
including fluid streams for internal operations. The design and sizing criteria were detailed,
starting from the thermodynamic analysis to continuing with the energy performance
investigation of the entire system.

An application case completed this study using the DWSIM computational environ-
ment. Warm air and hot liquid water were considered for the primary heat source at the
potential temperatures of 50-60 °C and 50-80 °C, respectively. A secondary air mass flow
at 30 °C complemented the pre-heating section. The condensation process utilized under-
ground water at a temperature equal to 10 °C. Given the specific temperature requirements
for evaporation and condensation to match the thermal and cold-water resources, respec-
tively, pentane and isopentane were identified as suitable working fluids. For the pentane
ORC system, operating pressure ratios of 2.6 and 6.4 led to net electric efficiencies of 3.4%
and 7.1% at the plant level, respectively. Meanwhile, the isopentane system achieved net
electric efficiencies ranging from 3.6% to 7.0% at operating pressure ratios from 2.7 to 6.0.
The most favorable results were obtained when utilizing liquid water as the heat source.

The investigation highlights that the ORC integration provides noteworthy energy and
environmental performance improvements for data centers. For the investigated DC, the
exploitation of the heat waste through the proposed ORC guarantees an electric production
corresponding to 4.1% of the DC total electric request and 22.7 kgcoz,eq GHG emission
savings per MWh of electric consumption.

This research concluded by offering guidelines for analyzing ORC systems, includ-
ing exergy analysis, and detailing the process of sizing the evaporator and condenser. A
forthcoming investigation will focus on energy process optimization by exploring vari-
ous system layouts, enhancing heat exchange mechanisms, and considering alternative
operating conditions and working fluids.
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Nomenclature

Acronyms and tags

Al Artificial intelligence

CCHP Combined cooling, heating, and power
CFC Chlorofluorocarbons

CHP Combined heating and power
COND Condenser

cor Coefficient of performance

CRAC Computer room air conditioning
DC Data center

DE-SH Desuperheater

DSC Differential scanning calorimetry
ECO Economizer

EED Energy Efficiency Directive

ERE Energy reuse effectiveness

ERF Energy reuse factor

EVA Evaporator

GHG Greenhouse gas

GWP Global warming potential

HEC Hydrofluorocarbons

HT-FLOW High-temperature flow

HVAC Heating, ventilation, and air conditioning
ICT Information and communication technology
IEA International Energy Agency

IT Information technology

1US Industry and urban symbiosis
L-COOL Cooler in the liquid phase for ORC
LT-AIR Low-temperature air

KPI Key performance indicators

NPV Net present value

(©)D) Ozone depletion potential

ORC Organic Rankine cycle

PRE-HEAT Pre-heater

PUE Power usage effectiveness
PUMP-ORC ORC pump

PUMP-WA Water pump

SUP-HEAT Superheater

TURBO-EXP Turbo-expander

TLC Trilateral cycle

WHR Waste heat recovery

Symbols

A Area (m?)

a Coefficient (-)

b Coefficient (-)

c Coefficient (-)

cp Specific heat (k] /kgK)

d Diameter (m)

E Exergy (W)

h Specific enthalpy (k] /kg)

h Convective heat transfer coefficient (W /m2K)
Hm Pump head (m)

L Width (m)
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