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Abstract

The rapid advancement of technologies such as artificial intelligence, big data, and cloud
computing has driven continuous expansion of global data centers, resulting in increasingly
severe energy consumption and carbon emission challenges. According to projections by
the International Energy Agency (IEA), the global electricity demand of data centers is
expected to double by 2030. The construction of green data centers has emerged as a
critical pathway for achieving carbon neutrality goals and facilitating energy structure
transition. This paper presents a systematic review of the role of waste heat recovery
technologies in data centers for achieving low-carbon development. Categorized by aspects
of waste heat recovery technologies, power production and district heating, it focuses on
assessing the applicability of heat collection technologies, such as heat pumps, thermal
energy storage and absorption cooling, in different scenarios. This study examines multiple
electricity generation pathways, specifically the Organic Rankine Cycle (ORC), Kalina
Cycle (KC), and thermoelectric generators (TEG), with comprehensive analysis of their
technical performance and economic viability. The study also assesses the feasibility
and environmental advantages of using data center waste heat for district heating. This
application, supported by heat pumps and thermal energy storage, could serve both
residential and industrial areas. The study shows that waste heat recovery technologies
can not only significantly reduce the Power Usage Effectiveness (PUE) of data centers,
but also deliver substantial economic returns and emission reduction potential. In the
future, the integration of green computing power with renewable energy will emerge
as the cornerstone of sustainable data center development. Through intelligent energy
management systems, cascaded energy utilization and regional energy synergy, data centers
are poised to transition from traditional “energy-intensive facilities” to proactive “clean
energy collaborators” within the smart grid ecosystem.

Keywords: data center; waste heat recovery; power generation; district heating

1. Introduction

The 21st century faces two critical challenges: transforming the global energy system
and developing innovative technologies to combat climate change [1]. Data centers (DCs)
have become an integral part of people’s lives amidst the explosive growth in artificial
intelligence (Al), data processing and data storage needs [2]. DCs are buildings, specialized
spaces or clusters of buildings that process and store data and network communication
technology equipment, as well as the infrastructure that powers and cools IT equipment [3].

Sustainability 2025, 17, 10101

https://doi.org/10.3390/su172210101


https://doi.org/10.3390/su172210101
https://doi.org/10.3390/su172210101
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0009-8588-8355
https://doi.org/10.3390/su172210101
https://www.mdpi.com/article/10.3390/su172210101?type=check_update&version=1

Sustainability 2025, 17, 10101

20f27

As an important part of supporting modern IT infrastructure, the energy consumption
of DCs has gradually become an important concern in global energy and environmental
policies [4]. According to statistics, the power consumption of DCs has accounted for over
3% of the total global power consumption [5,6], and most of this energy is used for heat
dissipation and cooling of equipment [7]. The global power consumption of DCs and future
forecasts are shown in Figure 1.

2020

2025 2030 2035

Figure 1. Global DC electricity consumption by sensitivity case, 2020-2035 [8].

Green DCs aim to reduce energy consumption and reuse waste heat through low-
carbon, energy-efficient designs and technologies [9], with particular focus on minimizing
energy demands in cooling and heat dissipation systems [10]. With the global emphasis
on energy efficiency and environmental impact, the construction of green DCs not only
helps enterprises to reduce operational costs, but also responds to the challenge of global
climate change and promotes sustainable development [11]. The research and application of
green energy technologies, waste heat recovery (WHR) technologies, and energy-efficiency
optimization solutions constitute the core approach to achieving green transformation in
data centers [12].

With the development of technology, more and more WHR systems are applied to
DCs. Heat pumps (HP) [13], thermal energy storage (TES) [14], and absorption/adsorption
cooling technologies [15-17] can effectively harvest low-grade waste heat from IT equip-
ment in data centers. These technologies convert low-temperature heat sources into
usable high-temperature outputs, thereby enhancing both the energy quality and supply
stability. A study by Wahlroos et al. [5] analyzes the potential of waste heat utilization
in DCs in Nordic countries. The economics and emission impacts of waste heat uti-
lization in DH were analyzed through a life cycle assessment. Currently, the primary
barriers to effective waste heat utilization lie in its low-grade quality (e.g., low tempera-
ture or unstable heat source) and high capital investment costs. The fundamental barrier
to WHR and reuse is not technical limitations, but rather the absence of commercially
viable solutions that enable data center (DC) operators to monetize waste heat effec-
tively. Meanwhile, Yuan et al. [18] presented a comprehensive review of recoverable
low-grade heat sources—including exhaust gases, recycled water, and coolants—across
multiple application scenarios. The study also examined WHR technologies suitable for
district heating (DH), refrigeration, power generation and industrial or agricultural uses.
Through technical, energetic, environmental and economic analyses, the authors offered
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recommendations for future WHR research and development in data centers, thereby
providing systematic insights for the field.

In the design of green DCs, WHR systems need to incorporate cooling systems, power
generation, and DH networks simultaneously to optimize economic, energy efficiency and
environmental benefits. For instance, using technologies such as waste heat-driven the
Organic Rankine Cycle (ORC) [19], Kalina Cycle (KC) [20] and thermoelectric generators
(TEG), low-grade waste heat can be converted into electricity to provide power support
for the DCs [21]. Concurrently, the recovered thermal energy can be distributed through
DH system to surrounding areas, achieving cost reduction and generating multiple syner-
gistic benefits [22]. In the context of DH systems, the recovery and utilization of waste
heat from DCs can not only provide cooling supply for the DCs themselves, but also
deliver heating and hot water to surrounding residential and industrial areas [23]. This
integrated combined cooling, heating and power (CCHP) system achieves high-efficiency
energy utilization, reducing both energy consumption and carbon emissions [24]. Through
synergistic integration with local district heating networks, it enables maximal utiliza-
tion of waste heat resources. Mehrenjan et al. [25] conducted an in-depth study on the
optimization of the performance of two integrated geothermal-driven polygeneration
systems that have the ability to produce electrical energy, cooling water and fresh water
simultaneously. The system structure integrates ORC, the absorption refrigeration cycle, a
reverse osmosis desalination unit, a liquefied natural gas regasification module and TEG.
The study emphasizes that system configuration significantly affects overall performance.
It suggests that future work should focus on optimizing component design and coupling
mechanisms to improve both energy and resource utilization efficiency. Meanwhile, the
study further recommends extending these systems to larger-scale industrial applications
and evaluating their performance across diverse climatic conditions. In addition, a sys-
tematic analysis of the environmental impacts throughout the system’s life cycle will help
to fully understand its long-term sustainability. The introduction of more efficient multi-
objective optimization algorithms is also seen as a key direction to improve the accuracy
of modeling and scheduling. The study also recommends exploring new materials and
engineering technologies to reduce construction and operational costs, extend system
lifespan, and improve the economic feasibility of cogeneration systems in real-world ap-
plications. Zhang et al. [26] systematically reviewed Kalina Cycle (KC) research, including
its working principles, performance comparisons with ORC and energy/exergy efficiency
analyses. The study also evaluated the adaptability of different KC configurations across
various applications. Additionally, the authors compared methods for predicting the
thermophysical properties of ammonia—water mixtures, analyzing their differences in
simulation accuracy and engineering applicability. The study also discusses the key is-
sues that ammonia—water mixtures may face in practical applications, such as chemical
stability, environmental impacts, safety risks and corrosion characteristics. However, the
absence of a unified performance evaluation framework and robust economic assessment
tools hinders the broader engineering adoption of KC systems. This limitation makes
it difficult to accurately quantify their recycling efficiency, output quality and overall
economic benefits.

Although the above literature proposes relevant WHR technologies, there are still some
unconsidered aspects in the existing research. Firstly, much of the literature emphasizes
and investigates specific WHR technologies without integrating the design and application
of relevant system frameworks. Secondly, there is a lack of system performance analysis
under unified metrics in the studies. It is undeniable that the researched techniques on
district heating, cooling energy supply and power production with low-temperature waste
heat are effective in optimizing PUE of DCs, but the quality and continuity of the system’s
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heat source is not considered in many studies. Finally, few research teams have designed
and evaluated models for combining multi-generation (heat, cooling and electricity) WHR
systems with new energy power systems, making them not really fully zero-carbonized,
and still dependent on the conventional grid for some of their power needs. This is because
electrical power is the only source of energy in DCs that urgently needs to be conserved
and optimized.

The evidence base was assembled through systematic searches of leading scholarly
platforms (ScienceDirect, SpringerLink, Wiley Online Library, IEEE Xplore and Google
Scholar). These searches were supplemented with reports and datasets from authoritative
organizations, including the International Energy Agency (IEA), the U.S. Department of
Energy (DOE), and the National Energy Administration of China (NEA). The review covers
January 2000 to June 2025. The final comprehensive search and screening were completed in
June 2025 to ensure timeliness and representativeness. Identification, screening, eligibility
assessment and inclusion followed PRISMA 2020 and are summarized in Figure 2; the
completed PRISMA 2020 checklist is provided in the Supplementary Materials.

Search strings combined the core term “data center” with waste-heat-related key-
words using Boolean operators (and truncation where appropriate): “waste heat recovery”,

7S

“Organic Rankine Cycle (ORC)”, “Kalina Cycle”, “thermoelectric generation”, “power
generation”, “district heating”, “cooling”, “heat pump” and “thermal energy storage”.
Searches were restricted to English-language publications. Reference lists of relevant,
high-quality papers were manually screened to identify additional studies and reduce
retrieval bias.

Inclusion criteria were predefined as follows: (i) clear relevance to data-center contexts;
(ii) substantive treatment of waste-heat collection, upgrading, conversion or utilization
and (iii) reporting of technical, environmental, and/or economic indicators (e.g., COP,
thermal efficiency, PUE/ERE impact, CO; reduction, CAPEX/OPEX, payback). Exclu-
sion criteria were (i) non-English sources; (ii) studies unrelated to data centers without
transferable methods; (iii) conceptual pieces lacking quantitative or engineering detail and
(iv) duplicates or overlapping reports. Two reviewers independently screened titles and
abstracts. Potentially eligible items then underwent duplicate full-text assessment. Dis-
agreements were resolved by discussion or, when necessary, arbitration by a third reviewer.
No automation or machine-learning tools were used. Data extraction used a standardized
template that covered the technology route, operating conditions, performance metrics,
environmental impacts, economic indicators and integration architectures.

Key themes were pre-specified from the initial scope and bibliometric mapping and
were refined into four categories during the screening process as shown in Figure 3 to reflect
the approach from technology to system: (T1) heat collection and upgrading (e.g., heat
pumps, liquid cooling, TES); (T2) waste-heat-to-power (ORC, Kalina, TEG); (T3) waste-heat-
enabled cooling (adsorption/absorption systems) and (T4) coupling with district energy
(space/water heating and cascade use). Accordingly, we conducted a systematic review
following the PRISMA guidelines, focusing on (i) the collection and thermal upgrading of
low-grade heat, (ii) conversion pathways to electricity /cooling/heat and (iii) integration
with district energy systems, while quantifying technical performance, environmental
benefits and implementation challenges. Further reporting details are documented in the
Supplementary Materials (PRISMA 2020 Checklist).
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Figure 2. PRISMA flow diagram.
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Research on Waste Heat Recovery Technology for Data Centers
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Figure 3. Conceptual framework of waste-heat recovery pathways for data centers.

This paper systematically reviews and analyzes the technologies for DC waste heat
utilization according to common WHR methods and applications, while summarizing the
applicable scenarios of WHR to meet the needs of heating, cooling and power generation.
Finally, the future development trends toward zero-carbon green DCs are discussed.

2. Waste Heat Recovery Methods for Data Centers

In order to meet the growing demands of the internet, the scale of DC construction
has been continuously expanding in recent years. During operation, server electronic
equipment emits large amounts of low-grade thermal energy. Typically, this heat is dis-
charged into the outdoor atmosphere as waste heat through ventilation systems, creating
an additional energy consumption burden. This increases the Power Usage Effectiveness
(PUE) value and also intensifies pressure on the power grid [27]. Moreover, traditional air
cooling often leads to hot and cold aisle mixing, causing localized hotspots that compromise
equipment performance and reliability [28]. These hotspots force specific servers to run at
sustained high temperatures, reducing overall system reliability and hardware lifespan.
In order to address the energy consumption and efficiency bottlenecks associated with
traditional cooling methods, an increasing number of researchers are shifting toward an
integrated approach to energy utilization that combines heat recovery, heating, power
generation and cooling. Data centers operate continuously, generating heat with persistent
availability, minimal seasonal variation and relatively low temperatures, making it a viable
source of low-grade thermal energy. Optimizing low-grade heat recovery systems can
significantly improve Power Usage Effectiveness (PUE), reduce greenhouse gas emissions
and generate substantial economic returns [18,29].

HPs, TES and absorption/adsorption chillers in WHR are the more common heat col-
lection technologies to realize multiple production in WHR systems [30-32]. The application
process needs to incorporate future heat usage methods for the most efficient use of WHR meth-
ods for DCs. The temperature levels and application scenarios of several different technology
types for WHR are given in Table 1. The next section will focus on the structural design, energy
efficiency performance, environmental impact and application prospects of WHR technology.
This will provide valuable technical references for the future green transformation of DC.

Table 1. Characteristics of different collector technologies in WHR.

Reference Recycling Methods Temperature (°C) Technical Characteristics Typical Applications

[27,33-35] Heat pump

. Low heat source temperature requirements
Relatively complex
20-55 plant construction Improvement )
. High equipment efficiency of heat source quality
. Lower economic feasibility
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Table 1. Cont.
Reference Recycling Methods Temperature (°C) Technical Characteristics Typical Applications
. Matching the imbalance between demand
Thermal ener; and supply _— .
[36] storage 8 N/A . Improve efficiency of waste heat District heating
recovery system
. Higher economic feasibility Refrigeration
Absorption . L i tsi
[37-41] fri . 30-85 arger equipment size and coupled
refrigeration . Working fluids are generally corrosive cogeneration
. Higher economic feasibility Refri )
Adsorption . High reliability and low noise efrigeration
[42-44] refrigefation 50-95 . Relatively large equipment size and coupled
. Relatively simple equipment structure cogeneration

2.1. Application of Heat Pump in Waste Heat Recovery

HPs are devices that transfer thermal energy from a low-temperature heat source
to a high-temperature heat sink, serving as a key technology in the global transition
toward secure and sustainable heating solutions [33]. Al-Sayyab et al. [45] proposed a
novel compound composite photovoltaic thermal (PV/T) waste heat driven injection—
HP system, as shown in Figure 4, for simultaneous heating and cooling, utilizing waste
heat to improve the system performance. The system utilizes PV /T waste heat with an
evaporative condenser as the driving force for the ejector, while the generated electricity
is used to operate the HP compressor and pump, and the experimental results show that
coefficient of performance (COP) is improved by 54% and 49% in cooling and heating
modes, respectively. In a tobacco drying application illustrated in Figure 5, Ge et al. [46]
utilized a heat pump to capture low-grade waste heat from a data center, elevating it to
sufficient temperatures for drying processes. This approach effectively reduced fossil fuel
consumption in tobacco production. For equivalent heat output, the data center waste
heat drying system demonstrates superior thermodynamic and economic performance.
Its specific moisture extraction rate exceeds that of air-source heat pump and coal-fired
drying by 20.21% and 36.69%, respectively. The system also reduces carbon emissions by
567.16 kg and 1036.92 kg compared to these alternatives, improves energy reuse efficiency
by 64.92% and saves 568.79 kWh per ton of tobacco processed. Meanwhile, a large amount
of energy is consumed in heating every year; Jang et al. [47] proposed a water source HP
system, as shown in Figure 6, to reduce the energy consumption for heating and cooling in
DC and residential areas. TRNSYS simulation compares the performance and operational
characteristics of the present study with the conventional system. The average annual PUE
of the DC is reduced from 1.26 to 1.23, and the ratio of the annual COP of the residential
area is improved from 1.82 to 2.64. Life cycle climate performance analysis investigated the
environmental impacts of the proposed system, which can reduce CO, emissions by 28.7%
compared to the conventional system. Li et al. [48] conducted a case study based on a real
data center in Beijing to analyze the economic and environmental benefits of a transcritical
CO, HPs. As illustrated in Figure 7, in this system, high-pressure CO; further releases
heat to the low-pressure CO; in an internal heat exchanger (IHE) prior to the throttling
process, thereby reducing the exergy loss during expansion. The system demonstrates
a significant reduction in CO, emissions by 12,880 tons annually. Moreover, the annual
Energy Reuse Efficiency (ERE) can be decreased from 1.296 to 0.902, while the investment
cost is reduced by 4.2% to 10.2%. The application of HP technology in WHR of DC shows
significant energy saving and emission reduction effects, and different types of HP systems
have unique advantages in improving energy efficiency, optimizing economy and reducing
carbon emissions. These research results not only validate the feasibility of HP technology
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in the WHR of DC, but also provide an important technological reference and practical
basis for the construction of green DC in the future.
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2.2. Thermal Energy Storage

In the process of WHR in DCs, HP technology can effectively enhance the availability
of low-grade thermal energy and improve the energy efficiency of heating and cooling.

However, while the waste heat supply from DCs is typically continuous and stable, the actual

thermal demand may exhibit temporal fluctuations, resulting in the inability to utilize the
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Cooling tower

generated heat in a timely manner. To further optimize waste heat utilization efficiency, ther-
mal energy storage (TES) technology has emerged as a critical component [49]. Li et al. [36]
analyzed a Norwegian campus heating system, and proposed a water tank and borehole
thermal energy storage (BTES) system to address the mismatch between the recovered WHR
from the DC and the heat demand in the building. Based on research findings, the intro-
duction of the water tank system can save 5% in annual energy costs. When energy storage
efficiency remains above 80%, the payback period is less than 15 years. Other aspects show
no significant improvement. In contrast, the BTES system can increase the utilization rate
of low-grade waste heat in DC from 77% to 96%. CO2 emissions are reduced by up to
8%, and annual energy cost savings amount to 6%; however, its payback period extends to
19 years. Dvorak et al. [50] also proposed the aquifer thermal energy storage (ATES) system,
shown in Figure 8, to improve the waste heat utilization efficiency of a university campus. A
simulated DC data model was developed in TRNSYS and CONTAM using building energy
simulation techniques, and a comprehensive operational prediction showed that the ATES
system could reduce CO, emissions by 680 tons per year on average, and in the future
scenario, it could increase the CO, emissions to 1000 tons. In the study of Zhu et al. [51],
the heat storage device proposed by the Technical University of Denmark was used as an
example, where a tube—fin heat exchanger was inserted in the melted phase change material.
The heat exchanger consisted of stainless-steel coil tubes and aluminum fins. The thermal
storage system has 265 parallel fins from the top to the bottom. The spacing between the
fins is 2 mm and the gap between the edge of the fins and the wall of the vessel is 35 mm.
Water circulates through coils to thermally charge or discharge the phase change material
within the vessel, with the system layout illustrated in Figure 9. Separately, Liu et al. [52]
designed and fabricated a dual-channel thermal storage heat exchanger that implements
latent thermal energy storage (LTES) using metal fin-enhanced phase-change material, as
shown in Figure 10. Through simulation of para-xylene-enhanced phase-change material,
they investigated an efficient LTES configuration characterized by compact size, high phase-
change temperature, and rapid heat transfer rates, demonstrating its potential for emergency
cooling in data centers. Integrating thermal storage with the aforementioned systems enables
excess heat accumulation during low-demand periods and controlled release during peak
demand. This strategy addresses supply—-demand mismatches, enhances overall energy
utilization and reduces reliance on conventional energy sources.

Valve Valve
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C

CRAC-Fan

Pump

——» Water
———% Air
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Nearby buildings

Figure 8. Using TES to store waste heat from DCs [18].
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Figure 9. The details and diagram of the latent TES for DCs cooling. (a) Heat exchanger with fins.
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the heat exchanger. (e) The diagram of the subunit used in the numerical model [51].
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Figure 10. Three-dimensional diagram of the two-path LTES [52].

2.3. Waste Heat Recovery by Absorption/Adsorption Cooling Technology

Air-cooling systems in data centers rely heavily on numerous air conditioning units
and fan equipment. Not only do such systems exhibit limited cooling efficiency under high-
density workloads, but they also consume substantial amounts of energy, making it difficult
to meet increasingly stringent energy efficiency demands. Furthermore, constrained by
ambient temperature conditions and the additional thermal load generated by the operation
of cooling equipment, traditional air-cooling systems face significant challenges in reducing
energy consumption and improving overall operational efficiency [17]. To address these
issues, researchers have begun to explore technical ways to utilize waste heat from DCs
for cooling, and to achieve energy laddering through the recycling of WHR to both reduce
energy consumption and improve the overall system efficiency [7]. Haywood et al. [40]
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investigated the use of waste heat from DCs to drive the 10-ton single-effect lithium
bromide-water (Li-Br) absorption refrigeration system shown in Figure 11 for reducing
the cooling load of a computer room air conditioner (CRAC). This heat-driven system uses
lithium bromide salt as the absorber and water as the refrigerant. They expect to capture
85% of the heat generated by the central processing unit (CPU) and circuit board work in
the DC, and when supplemented by external heat provided by solar heat, the PUE value
can be less than 1. It greatly reduces the cooling load of the traditional machine room
air conditioning CRAC, and ultimately reduces the grid energy consumption of the DC.
Huang et al. [41] proposed that after obtaining heat from high-performance components
such as processor and memory, the coolant is further heated by solar collectors and then
enters into dual-effect absorption refrigeration system. The annual electricity savings from
cooling achieved by the waste heat recovery system amount to 27,978 kWh, leading to a
reduction in CO, emissions of 23.9 tons. This significantly lowers energy consumption and
greenhouse gas emissions. With a payback period of approximately 4.3 years, the system
demonstrates considerable economic potential and practical value. Lu et al. [53] modeled
and compared two different WHR scenarios, as shown in Figure 12, using TRNSYS 18
software by connecting the heat demand side to the secondary (Scheme 1) and primary
(Scheme 2) sides of the cooling distribution unit. Both scenarios were profitable within one
year and resulted in significant CO, emission reductions, with annual electricity savings
of 2290.5 kWh and 905.2 kWh for Scenario 1 and Scenario 2, as well as CO, emission
reductions of 291,996 kg and 258,192 kg, respectively.

—

B Dilute Solution

Bl Concentrated Solution
[ Refrigerant Vapor

Bl Refrigerant Liquid

[ Coaling Water

B Chilled Water
[ Heat Medium

WATER FIRED

SINGLE-EFFECT
CHILLER-HEATER

HEAT
EXCHANGER

FAN COIL UNIT

COOLING
e s e TOWER

Figure 11. Structure of a 10-ton single-effect lithium bromide-water (lithium bromide) absorption
refrigeration system [40].

These solutions augment available cooling capacity and enable the cascade use of
energy, thereby accelerating the transition to green, low-carbon data centers. Absorp-
tion/adsorption cooling is likely to become a central pathway for data-center thermal
management. It operates efficiently with low-grade heat (about 50~95 °C), which matches
waste heat from liquid-cooled servers or heat-pump-upgraded loops. By substituting
recovered heat for electricity, it reduces PUE and peak power demand. The technology uses
benign, efficient working pairs and has few moving parts, which lowers maintenance and
improves reliability. It is scalable, from rack- or room-level chillers to campus or district
energy systems. Continued advances in high-capacity sorbents, compact heat exchangers,
and WHR-heat-pump hybrid architectures are raising COP and part-load performance.
Heat-driven sorption cooling provides a viable route to lower electricity use and CO,
emissions while enhancing the resilience of data-center operations.
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3. Power Generation Technology in Waste Heat Recovery

With the continuous growth of global energy demand, how to improve energy utiliza-
tion efficiency and reduce carbon emissions has become an important goal of global energy
transition [54]. WHR technology has received more and more attention as an effective way
of energy reuse. Especially in energy-intensive industries such as DCs, how to convert
low-grade WHR into electricity by recovering and utilizing it has become a hot spot in
current research. However, low-grade heat energy is difficult to be directly converted into
electricity due to its low temperature. Therefore, the development of power production
technologies that can efficiently utilize low-grade waste heat is of great economic and
environmental significance.

ORC systems, KC and TEG technologies offer a promising solution for converting
low-grade thermal energy into high-quality heat sources [55]. However, although the
problem of power production in low-grade WHR has been solved to some extent, these
technologies still have different limitations. Meanwhile, numerous novel power generation
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technologies are emerging, such as combined heat and power (CHP) systems integrated
with fuel cells and poly-generation systems.

Research on technologies for converting low-grade thermal energy into electricity
continues to advance. Although progress has been made with techniques such as ORC, KC,
and TEG, overcoming their inherent limitations, improving efficiency, reducing costs and
achieving commercial viability remains a key focus for future studies.

Research on technologies for converting low-grade thermal energy into electricity
continues to advance. Although progress has been made with techniques such as ORC, KC,
and TEG. Nevertheless, overcoming their inherent limitations in efficiency, cost reduction
and commercial viability remains a critical research challenge.

3.1. Organic Rankine Cycle System

Recent research on low-grade heat recovery cascade ORC systems for power produc-
tion provides new insights into energy recycling and sustainability in DCs [56]. In efforts
to reduce energy consumption and reuse low-grade heat, ORC systems present a promis-
ing solution for generating electricity from these thermal sources. Figure 13 illustrates a
schematic diagram of an ORC system configuration. Liu et al. [57] proposed a CHP system
that integrates an ORC with a HPC through a built-in evaporator. A key feature of this
system is that both the ORC and HPC sub-cycles share a common built-in evaporator,
where the working fluid is split into two separate streams before entering the respective
sub-cycles. This configuration offers the major advantage of maintaining relatively high
input waste heat temperatures for both sub-cycles, while allowing flexible adjustment of
the system’s heat-to-power output ratio. Under standard operating conditions, the system
achieves a maximum thermal output of 28.3 kW and a peak thermal efficiency of 32.2%.
Li et al. [58] introduced a coupled system that combines a solar collector, a dual-effect
absorption refrigeration (DABC) and an ORC. A case study was conducted on a DC in
Beijing. Experimental results indicate that the net power output initially increases and
then decreases with the rise in evaporation temperature. In the DABC system, the COP
increases with higher heat source temperatures; however, the upward trend becomes less
pronounced once the COP reaches 1.3. Therefore, careful selection and optimization of
parameters is crucial to maximizing the performance of the ORC system. Under initial
operating conditions—with the flow distribution ratio fixed at 0.5—the system achieved an
annual cooling capacity of 27.978 kWh and an annual electricity production of 12.08 kWh,
potentially reducing CO, emissions by up to 23.9 tons. Besides reducing the overall cooling
load and its attendant power demand [59], the ORC system provides economic benefits
through electricity generation for the DC [60]. Ebrahimi et al. [61] employed a steady-state
thermodynamic model to evaluate the feasibility of using low-grade thermal energy from
dual-loop DCs to drive an ORC system for power generation. This study represents the
first quantitative analysis of the compatibility between ORC systems and the operational
conditions of DCs. For waste heat temperatures below 85 °C, a superheater was imple-
mented to elevate the recovery temperature; however, its additional energy consumption
adversely affected system performance. A smaller temperature differential between the
chip and micro-evaporator, or conversely, a higher chip temperature, can substantially
degrade system efficiency. The results indicate that R245fa and R134a are the optimal
working fluids for the ORC system and server cooling, respectively. Considering variations
in electricity prices across regions, the investment payback period ranges from 4 to 8 years.
Chen et al. [62] designed six types of combined cooling, heating, and power (CCHP) co-
generation systems, three of which incorporate ORC systems to tackle WHR challenges in
DCs. Their comparative analysis of the optimal energy efficiency of ORC systems within
combined cooling and power supply modes is summarized in Table 2. Future research
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on ORC systems should prioritize the development of environmentally friendly working
fluids suitable for ultra-low-temperature heat sources, as well as the design of structurally
versatile systems. These research initiatives are crucial for achieving both effectiveness and
efficiency in practical implementations.
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Generator
—_ > <
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| |
v |
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Pump — — — — 9 Cooling fluid

Figure 13. Schematic representation of an ORC system.

Table 2. ORC system efficiency.

System Energy Net Power Cooling
Reference Coolant Description Methodology Efficiency (%) Output (kW) Capacity (kW)
. Thermodynamic modeling
Liu etal. [57] R1233zd (E) ORC + HP . . 38.90 28.30 N/A
and economic analysis
Lietal. [58] R245fa ORC + DABC Energy, exergy, environment N/A 80-190 27978/ Year
and economic analysis
R1233zd (E) + ORC + VCR Energy, exergy and 46.13 17.20 105.22
Chen et al. [62] R1234yf ORC + EER economic analysis and 60.91 11.64 150.00
multi-objective optimization
R1233zd (E) + ORC + ARC 58.13 4.25 150.00
NH;
CyHg+ Energy and exergy analysis
Bellos et al. [63] LiBr-H,O ORC + HP and thermodynamic study 29.42 N/A 398.80
Li et al. [64] R134a ORC + VCR Energy and exergy analysis 29.42 N/A 331.30
and thermodynamic study
Wang et al. [65] NH; ORC + ARC Energy and exergy analysis 43.06 714.457 168.647
and thermodynamic study
Sanaye etal. [66]  C;Hg + R600a ORC + ERC Energy, exergy and 4530 225.60 271.10
economic analysis
Nami et al. [67] MM ORC + ARC Energy, exergy and 63.60 593.60 610.70
LiBr-H,O economic analysis
Rostamzadeh R113 ORC + ERC Thermodynamic modeling 4837 138.00 107.50
etal. [68] and economic analysis
Zheng et al. [69] R245fa ORC + ERC Thermodynamic and 56.80 27.90 (k] /kg) 58.70 (k] /kg)

software modeling

3.2. Kalina Cycle

KC has been gaining popularity in recent years due to its highly efficient mechanism.
KC is actually a modified ORC, and was first developed by Ferdinand Carre in 1858
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using aqueous ammonia solution [70]. KC utilizes a unique distiller condenser subsystem
to achieve the ammonia condensation process at low condensing pressures by varying
the mass fraction of ammonia, thus improving the heat recovery efficiency from low-
temperature heat sources. Through this process ammonia vapor expansion drives a turbine
generator to generate electricity, realizing the conversion of waste heat to electricity [71].
Mahmoud et al. [72] carried out a detailed waste heat analysis and recovery study of a
typical cement plant applying KC using ASPEN HYSIS V8.4 software. Experimental results
demonstrate that the adoption of a combined WHR system based on the KC not only
reduces costs by approximately 23%, but also achieves a net power output of 7.35 MW, with
a payback period of 21 months. Ghaebi et al. [73] proposed a novel poly-generation system
for waste heat recovery based on the Kalina Cycle (KC), which utilizes geothermal energy
to simultaneously produce cooling, heating, power and freshwater. A comprehensive
thermodynamic modeling and parametric study demonstrated that the system could
achieve optimal performance, with a thermal efficiency of 94.84%, an exergy efficiency of
47.89%, and a sum of the unit cost of products (SUCP) of 89.95 USD/GJ. Sohrabi et al. [74]
improved the thermal performance of the KC by investigating the standard and enhanced
KCs, as given in Figure 14, by embedding a TEG into the condenser of a simple high-
temperature KC. The net power output and condenser pinch point location were optimized
using parametric optimization method. The TEG can increase the total power capacity of the
high-temperature KC by about 0.29-0.82 kW. Meanwhile, the energy efficiency and exergy
efficiency of the enhanced KC are 32% and 63.23%, respectively. Wang et al. [75] developed
a KC simulation model based on Aspen Hysys software for waste heat with a heating
temperature of 180 °C, and the efficiency of conversion of waste heat to electrical energy
was calculated as an energy efficiency index. The experimental results show the highest
net output power and heat conversion efficiency of 160.5 kW and 37.9%, respectively. The
KC system is characterized by a more complex layout, relatively low efficiency and high
cost. Some studies have shown that KC systems outperform ORC systems in certain WHR
scenarios, exhibiting better performance [76]. However, the KC system also has drawbacks,
particularly the use of ammonia-water mixture as the working fluid, whose corrosiveness
and toxicity pose safety challenges in system design, operation and maintenance [77].

L
cp1
w1 Jow2 (b) Pul Wi w2 MX1

Figure 14. Cont.
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Figure 14. Schematic diagram of WHR system based on KC. (a) Simple KC 1. (b) Enhanced KC 1.
(c) Simple KC 2. (d) Enhanced KC 2. [74].

3.3. Thermoelectric Generators

TEG offers a direct method to convert low-grade thermal energy from DC into elec-
tricity by leveraging the Seebeck effect. In the realms of renewable energy production and
industrial WHR, numerous studies have focused on the development and optimization of
TEG devices [78]. Cai et al. [79] introduced a methodology for optimizing the sizing of TEG
modules and systems. Through a case study utilizing truck engine exhaust as a heat source,
they determined that the optimal module height was 1.5 mm, with 144 modules required.
These findings offer valuable insights for the design of TEG systems and their potential
for large-scale industrial applications. Wen et al. [80] investigated the structural design
and performance optimization of linear Fresnel concentrator photovoltaic/thermoelectric
(LFPV/T) systems, both with and without a gravity-driven heat pipe (GHP). The evapora-
tor of the GHP is connected to the photovoltaic panel, enabling the removal and absorption
of waste heat that cannot be converted into electricity. The heat pipes then transfer this
energy to the TEG via an aluminum heat exchanger in the condenser. This configuration
enhances the thermal performance of the entire system by effectively channeling waste
heat to the high-temperature side of the thermoelectric cooler. Numerical simulations
conducted using MATLAB modeling predicted an output power of 13.64 kW for the GHP-
LFPV/T-TEG system. Lan et al. [81] developed a one-dimensional model to address the
geometric and structural limitations affecting the economic and thermal efficiency of TEG.
By focusing on the influence of thermoelectric leg geometry and structure, a comparative
analysis was conducted from energy, economic and environmental perspectives. The new
structure achieved an increase in output power by a factor of 1.01-3.59 and improved
efficiency by 1.03—4.57 times. Under conditions of low heat source temperature and high
figure of merit (ZT) materials, the cost and CO, emissions were reduced by 1.0-72.1%.
Lou et al. [82] designed coaxial cased geothermal wells with TEG layers in order to utilize
low- and medium-temperature geothermal heat sources in the process of extracting power
generation. A thermoelectric model was constructed using MATLAB, and experimental
results indicated that the TEG system achieved an output power of 5.52 kW. The TEGs are
considered promising devices for clean energy conversion from waste heat [83], offering
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advantages such as direct energy conversion, solid-state operation without moving parts,
high reliability, scalability, long service life and compatibility with diverse systems and
environments. However, the low efficiency of TEGs remains the most significant barrier to
their widespread practical application [84]. To enhance their efficiency and application po-
tential, current research in this field focuses primarily on material modification, structural
optimization and system integration [77].

3.4. Electricity Production Realized by Other Technologies

Due to energy scarcity and increasingly stringent environmental requirements, how
to convert low-grade waste heat into electricity has become a hot spot in current research.
In the research field of WHR power production technology, besides ORC, KC and TEG,
various other technologies are also emerging in the continuous exploration. Wang et al. [85]
proposed a design of a DC server rack structure coupled with a proton exchange membrane
fuel cell (PEMFC), considering both the electrical and thermal management coupling of the
server to the PEMFC, and constructed a cabinet prototype. The study employed a Back-Air
to Water Heat Exchanger (BAWHE) to recover thermal energy from the hot air exhausted
by servers. The waste heat was transferred to a water medium and then distributed for
thermal management in both the cooling system and the Proton Exchange Membrane Fuel
Cell (PEMFC) system. This approach not only meets the cooling demands of the data center,
but also effectively converts waste heat into usable thermal and electrical energy, thereby
achieving carbon emission reduction and combined heat and power (CHP) generation.
Kanbur et al. [86] integrated a two-phase immersion direct cooling system for data centers
with a PEMFC to design a novel hybrid system. This configuration provides efficient
liquid cooling for IT equipment while utilizing the waste heat to preheat hydrogen and
compressed air streams for enhanced PEMFC operation. The system demonstrates stable
performance across combined heat and power (CHP), trigeneration, and multi-generation
modes within the specified operating range, achieving average efficiencies of 17.39%,
24.68% and 96.16%, respectively. Overall, various WHR technologies for power generation
each demonstrate distinct strengths in terms of conversion efficiency, economic feasibility
and environmental performance. The ongoing development in this field is moving toward
greater system integration and higher efficiency. Despite numerous technical challenges,
the optimization of system design, parameter matching and cross-disciplinary synergies
hold promise for enabling the commercial application of low-grade thermal energy power
generation technologies in the future. Such advancements could provide substantial
support for building a low-carbon energy system [5].

4. Waste Heat Recovery for District Heating

Low-grade heat recovery is an effective way to improve energy efficiency, reduce
carbon emissions and lower energy consumption, and WHR technology has gradually
become an integral part of DH system optimization [87]. In many cold regions, DH serves
as a critical conventional energy consumption approach. By effectively recovering and
reusing the low-grade waste heat generated in DCs, it is possible to not only reduce
reliance on conventional energy sources, but also significantly enhance the overall system
efficiency [88]. The main WHR technologies currently used in DH cover HP, TES and CCHP
systems, and multi-energy complementary solutions combined with renewable energy
sources [27]. The following section discusses the prospects and technical challenges of its
practical application.

Stock et al. [89] presented an optimization model integrated with an actual DH system,
incorporating building retrofit strategies and HP installation. By utilizing decentralized HP
to integrate low-temperature heat sources into the DH network, this approach achieves a
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cost reduction of 24.4% under building renovation scenarios. Tervo et al. [90] employed
energy modeling software to analyze a 21 MW data center, assessing the CO2 reduction
potential and economic feasibility of utilizing its low-grade waste heat for district heating.
The results show that WHR can achieve an annual CO, emission reduction of 9800 tons
and a net production cost reduction of 6.8 EUR/MW. However, due to the instability of
low product heat recovery in DCs, DH should not be dependent on a single DC as their
heat source. To enhance the quality of low-grade waste heat from DCs utilized in DH,
He et al. [91] proposed a distributed cooling system integrated with HP for waste heat
recovery, aiming to achieve a stable and efficient district heating supply. The system layout
implemented in Hohhot, China, adopts this approach, utilizing cooling water as the waste
heat source in the study. The system achieves an annual electricity saving of approximately
10% and reduces coal consumption by 18,000 tons. Du et al. [92] proposed a dual short-term
TES solution that facilitated peak shaving and load shifting, significantly improving the
flexibility and stability of the waste heat heating system. Compared to the WHR system
without TES, COP was reduced by 15%, peak demand was reduced by 10%, load shifting
was improved by 2.1% and total cost was reduced by 32%. Keskin et al. [93] achieved
integrated energy management for DC power, heating, cooling and WHR. Multiple case
operation strategies were investigated using integer linear programming methods, and the
annual power cost of a DC based on CCHP was reduced by 40.3%, with a payback period
of about 6.6 years.

In a case study of a 300-rack data center in Beijing, Zhou et al. [94] designed a DH
system that integrates a HP to upgrade the thermal quality of recovered waste heat. The
system delivers continuous cooling for the data center while simultaneously providing
space heating and domestic hot water to a six-story residential building containing twelve
apartment units. Meanwhile, the system dynamically switches operation modes in response
to fluctuations in load demand and outdoor conditions, thereby optimally satisfying both
data center cooling and district heating requirements. The study indicates that the heating
COP exhibits periodic fluctuations over a 24-h cycle throughout the year. During the
time intervals of 6:00-9:00 and 21:00-24:00, the COP values were recorded at 3.87 and
4.24, respectively. Furthermore, the maximum seasonal COP during the heating period
reached 5.27. The system integrates waste heat recovery with cooling processes, providing
year-round domestic hot water and space heating for residential buildings during the
heating season, and is characterized by high efficiency and significant energy-saving
potential. However, further research is needed to address periods of low heating and hot
water demand, as system operation under partial load conditions during these intervals
results in reduced overall efficiency. Alarnaot-Alarnaout et al. [95] proposed a WHR
scheme for DCs that integrates a semi-hermetic piston compressor and an internal heat
exchanger (IHX) controlled by an electromagnetic bypass valve within a high-temperature
HP. The study investigated the performance of this system for both DH and district cooling
applications. The results show that the highest heating and cooling efficiencies were
achieved at 2 °C/45 °C with the IHX in operation, yielding a COP of 4.24. Without the
IHX, the maximum energy efficiency at the same temperature conditions exceeded 35%.
Economic analysis indicated a payback period of less than five years for all configurations.

WHR technologies in DH have shown great potential for improving energy utilization
efficiency, reducing carbon emissions and promoting energy conservation. Especially
with innovations in technology areas such as HP and cogeneration, WHR technology is
gradually becoming an integral part of DH systems [96]. However, further research and
analysis are required to optimize system operation during periods of low district heating
demand, with the aim of improving overall efficiency. Moreover, against the backdrop
of ongoing energy structure transformation and the advancement of green low-carbon
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development goals, WHR technology in DH is poised to play an increasingly vital role in
promoting sustainable development and addressing climate change.

5. Discussing the Future of Green Data Centers

In view of the concurrent trends of continuously escalating computing power and
tightening carbon constraints, the core mission of green DC has shifted from single-point
energy reduction to integrated system optimization encompassing electricity, heat and
cooling. Cooling and heat dissipation constitute the primary energy demands in DCs,
with their consumption becoming increasingly prominent as computational density and
processing capabilities advance. Achieving minimal energy consumption while ensuring
computing power, reducing environmental impact, and shortening investment payback
periods have become major challenges in global green DC construction [97-101]. Figure 15
illustrates a closed-loop system demonstrating the transformation of data centers from
passive energy consumers to active nodes in campus/urban energy networks. The technical
pathway is as follows: “PV/Wind Power—Data Center Operation—Waste Heat Harvest-
ing —Power Generation— District Heating—Cooling Water Return—Energy Dispatch.”
Through cross-temporal optimization of electricity, heat, cooling and storage flows, this
integrated approach enables a synergistic improvement in key metrics including PUE,
Energy Reuse Effectiveness (ERE) and Carbon Usage Effectiveness (CUE). Within this
framework, DC transforms from mere energy consumers into comprehensive energy units
capable of providing heat, flexibility and ancillary services.
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Figure 15. Conceptual framework diagram for green DC development.

The zero-carbon data center developed by China Telecom Qinghai in Xining exem-
plifies the successful integration of computing infrastructure with renewable energy. This
demonstration project achieves synergistic coupling between computational resources and
green power, characterized by regional energy coordination, low-carbon operation and
intensive resource circularity [102]. By connecting to a grid with a high proportion of
renewable energy, DC significantly reduces its reliance on fossil fuels and lowers carbon
emissions across its entire lifecycle, driving the implementation of green transformation.

The roadmap for green data center development is projected to progress through
three distinct phases. The initial phase focuses on implementing direct waste heat recovery
systems at both cabinet and room levels, enabling thermal energy to displace electrical
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power consumption. Phase two involves deploying phase change thermal storage to man-
age peak loads and accommodate renewable energy fluctuations, while implementing a
“renewables-first, grid—auxiliary operation” strategy through an energy dispatch platform.
This configuration ensures operational reliability while establishing a closed-loop system
that integrates thermal energy capture, cooling processes, and waste heat utilization. The
medium- and high-temperature waste heat streams will be directed to embedded power
generation units, while the low-grade thermal energy will be upgraded through heat pumps
for integration into district heating networks. The dispatch layer will incorporate predictive
and optimization capabilities, supported by the deployment of medium- to long-duration
thermal storage systems such as BTES and ATES thermal energy storage. This transforma-
tion will reposition data centers from mere energy consumers to multi-functional nodes
that provide thermal energy and grid flexibility services, achieving reduced peak power
demand, increased local consumption of renewable electricity, and expanded external heat
supply capacity. The final development phases will establish regional energy coordination
and near-zero-carbon operations. With standardized thermal interfaces and metering and
settlement mechanisms in place, data centers will routinely exchange energy with urban
infrastructure, functioning as flexible assets within the integrated energy system. Stable de-
livery of medium-temperature heat enables participation in demand response and ancillary
services, converting the adjustability of cooling and power generation units into tradable
flexibility. The energy dispatch platform evolves into a digital twin hub, incorporating
carbon-constrained optimization and Life Cycle Assessment (LCA) assessment to achieve
synergistic optimization of computing power, energy and carbon emissions.

This is not merely a stacking of equipment, but rather a system-level coordination
based on temperature zone matching, energy storage stratification, partial load perfor-
mance, and market signals. By leveraging coordinated operation of heat collection and
storage technologies, it enhances output temperature zones and smooths load profiles.
Technologies like ORC, KC and TEG recover electricity within suitable temperature zones,
bolstering system resilience. Al-driven scheduling enables rolling forecasts and decisions
across minute-to-seasonal timeframes, consistently balancing energy efficiency, economic
viability and carbon efficiency. Non-technical factors—including standardized interfaces,
metering and settlement mechanisms, data security and operational capabilities—define
the boundaries for waste heat to be “accessible, measurable and tradable”, forming the
critical foundation for large-scale implementation.

6. Conclusions

This paper systematically reviews the core technologies and application pathways for
WHR in DC. It emphasizes the integration of heat collection and elevation systems com-
prising HP, TES and absorption/adsorption refrigeration. These systems are coupled with
waste heat-to-power conversion systems featuring ORC, KC and TEG technologies. This
creates a dual-channel utilization model for power generation and heating. By deploying
energy conversion systems across multiple temperature gradients, this configuration facili-
tates low-grade heat to power generation, thereby reducing peak electricity demand and
grid dependency. Concurrently, HP elevation and tiered heating enable the distribution
of low-to-medium-temperature waste heat to outside district heating systems, enhanc-
ing renewable energy integration and energy recycling efficiency. The synergy between
WHR, renewable power, thermal electrical storage and intelligent dispatch simultaneously
improves energy efficiency, reduces carbon intensity and enhances economic viability.

Based on recent research and demonstrations, future efforts should focus on
the following:
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(1) Establishing a unified cross-scenario evaluation framework to refine coupled calcula-
tions of metrics, including PUE, COP and LCA;

(2) Conduct empirical studies across diverse climates and operational models to develop
replicable integrated power-heating engineering templates and investment models;

(3) Advanced prediction, optimization, and control frameworks for multi-energy systems,
integrated with comprehensive uncertainty analysis, enable synergistic coordination
of power generation and thermal energy utilization while maintaining guaranteed
computational reliability.

The optimal solution for green DC lies not in a single technology, but in an integrated
approach encompassing electricity, heat, cooling, storage, networks and markets. This ap-
proach is underpinned by temperature zone matching, layered energy storage, digital twins
and Al-driven scheduling. It significantly reduces carbon intensity within a foreseeable
timeframe, positioning green DC as near-zero-carbon hubs that support the high-quality
development of computing infrastructure.
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Nomenclature
Al Artificial intelligence KC Kalina cycle
ATES Aquifer thermal energy storage LFPV/T  Linear Fresnel concentrator photovoltaic/thermoelectric
BTES Borehole thermal energy storage LTES Latent thermal energy storage
CARC Computer room air conditioner ORC Organic Rankine Cycle
CCHP Combined cooling, heating and power PEMFC  Proton exchange membrane fuel cell
cor Coefficient of performance PUE Power usage efficiency
DC Data center PV/T Photovoltaic thermal
DH District heating TEG Thermoelectric generators
GHP Gravity-driven heat pipe TES Thermal energy storage
HP Heat pump WHR Waste heat recovery
IHE cycle Add an internal heat exchanger in the simple cycle  Li-Br Bromide-water
IHX Internal heat exchanger CO, Carbon dioxide

LCA Life Cycle Assessment
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