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A B S T R A C T   

Data centers (DCs) uninterruptedly run 24/24 h, 365 days per year with much huge operating scale, and have the 
characteristics of high operation safety requirement, high heat flux density, high energy consumption and high 
carbon emission. They are influential energy consumers and carbon emitters in building or even global energy 
sectors (around 3% of global energy consumption), who are also significant waste heat producer (e.g., waste heat 
from year-round uninterrupted operation of IT equipment and cooling system). Huge energy consumption has 
increased the burden on the global energy industry, while carbon and direct waste heat emissions have also 
caused great damages to the outdoor environment. Thus, it is critical to improve the energy efficiency in DCs and 
to realize the energy conservations and environmental deterioration alleviation. Waste heat recovery technology 
is considered as a promising approach to improve energy efficiency, achieve energy and energy cost savings, and 
mitigate environmental impacts (caused by both carbon emission and waste heat discharge) at the same time. 
This article conducts a comprehensive review on recovering waste heat from all kind of sources (e.g., exhaust air, 
circulating water, and coolants) in DCs for various energy uses (e.g., heating supply, district heating supplement, 
cooling and electricity productions, and industrial/agricultural production process) and different application 
scenarios (e.g., office buildings, comprehensive energy community and residential buildings), while the future 
research and development proposals for DC waste heat recoveries are given through technical, energy, envi
ronmental and economic analysis.   

1. Introduction 

Information technologies (e.g., artificial intelligence, 5G and cloud 
computing) have underwent an explosive development in recent years, 
which emphasized the importance and high-demand and high- 
performance in data centers (DCs). DCs are data and energy & carbon- 
intensive facilities, which are comprised of not only computing and 
other supporting systems (e.g., storage and communication systems), 
but also redundant security systems (e.g., data communication con
nections, monitoring system, environmental control units, and security 
devices) [1]. As centralized repositories, DCs are required to achieve 
data collection, data storage, data processing, and data transmitting and 
exchange, whose goal is to achieve a safe, stable, efficient, and unin
terrupted network environment and services [2]. The importance of DCs 
cannot be overemphasized, and they play a paramount role in every 
aspect of our lives. 

DCs have the characteristics of 24/24 h, 365 days/year and globally 
very large scale, which annually cause much high energy use [3]. Ac
cording to the statistics in 2019, DCs were responsible for approximately 
3% of the electricity consumption and almost 4% greenhouse gas 
emissions globally [4]. It is predicted that the global energy demand for 
information and communication technology (ICT) things (e.g., data 
processing, exchange and storage, blockchain, and crypto mining) 
would take responsibility of around 23% of the total by 2030 [5], while 
the ICT-related carbon emission will explore to approximately 14% of 
the world total [6]. Therefore, it is paramount to improve the energy 
efficiency, and reduce the energy consumption in and for DCs [7]. 

In a typical DC, IT equipment (e.g., servers) are the biggest electricity 
consumers accounting for around 44% of total electricity use and are 
followed by the cooling system of 40% [8]. Therefore, not only the air 
conditioning system ensures the safe operation of the DCs, but also it 
greatly affects the energy consumption within the DCs [9]. To reduce 
DCs’ energy consumption while ensuring their safe operation, two types 
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of actions can be taken, which are to address IT load inefficiencies and to 
improve the cooling efficiency [10]. Enhanced semiconductor and 
server virtualisation was reported to effectively improve the operation 
efficiency of IT equipment and could reduce the corresponding elec
tricity use [11], while enhancing the cooling efficiency is the research 
focus for HVAC researchers, which has been intensively investigated (e. 
g., airflow management, free cooling, evaporative cooling, renewable 
energy application) [12,13]. Cooling system optimization is mainly 
divided into two categories, namely cooling sources that can replace or 
supplement the cooling supply from conventional air conditioning sys
tem (e.g., air-side free cooling, water side free cooling, phase change 
cooling, and evaporative cooling) [14], and energy efficiency im
provements (e.g., airflow management and waste heat recoveries, 
cooling equipment optimization) [15]. 

Due to the characteristics of the year-round uninterrupted, high- 
energy consumption, high heat flux density operating of DCs, Lin et al. 
[16] claimed that DCs could be considered as a perennial and stable heat 
source, which would supply continuous and large amount of waste heat, 
and the waste heat from DC industry has reached 56 TW h in 2016 [17]. 
The waste heat from DCs should be eliminated or reused, otherwise it 
will be directly discharged into the outdoors through CRACs, causing 
thermal pollution to the outdoor environment [4,18]. The waste heat 
from DCs belongs to low-grade heat source but has large potentials to 
improve the energy efficiency and achieve the sustainable energy 
management [19]. The current research on low-grade heat sources (e.g., 
solar thermal energy [20], geothermal energy [21], chips [22], and 
domestic hot water [23]) provides a reference and feasibility for real
izing waste heat recoveries (WHRs) in DCs. Many researchers believe 
that waste heat utilization is one of the most promising methods for 
energy conservation in DCs [24,25]. 

However, there is a major challenge for WHRs in DCs, namely a low 
temperature level of waste heats due to operating temperature limita
tion of IT equipment [26]. In addition, the waste heat from DCs belongs 
to the low-grade waste heat, whose heat quality can be upgraded by heat 
pumps (HPs) to meet high-grade heat demands for livelihood and in
dustry. Currently, HPs have been considered as the most promising WHR 
method in DCs, which can realize redundant heat removal and upgrade 
the waste heat quality for multiple heat supplies at the same time [27]. 
The use of the heat exchangers and HPs can serve a variety of uses (e.g., 
low or high temperature heat demands, and low-or-high grade heat 
demands) for the waste heat recovered from the DCs. 

According to literature survey, the current available and possible 
WHR methods and waste heat uses in DCs include heating and district 
heating (DH) supply (e.g., space heating, how water supply and DH 
supplement) [28], cooling production in an absorption [29] or 

adsorption cooling [30] cycles for power need reduction, electricity 
production [31] utilizing the Seebek and piezoelectric effects, biomass 
fuel production as a catalyst [32], and clean water production through 
desalination [33]. The benefits of WHR are generally demonstrated 
through energy savings, carbon emission reduction and economic 
analysis. For example, Luo et al. [34] proposed applying a framework of 
WHR in DCs as well as a corresponding decision support tool, which can 
identify the compatibility of wate heat sources and sinks. They also 
performed energy, exergy, environmental (3 E) and economic analysis of 
the WHR system via the tool. They concluded that recovery indexes are 
needed to determine the compatibility of the waste heat sources and 
sinks. Furthermore, the proposed tool can be used to optimize WHR in 
DCs and economic payback. 

In this paper, we follow the above-mentioned possible waste heat 
uses, and comprehensively review and analyse the possibility, feasibility 
and compatibility of WHR in DCs for diverse needs (e.g., heating, DH, 
cooling, electricity and industrial/agricultural processes, and others) 
and different application scenarios (e.g., office buildings, comprehen
sive energy community, and residential buildings) through technical, 
energy, exergy, environmental and economic (4 E) analysis. In addition, 
we also summarize their advantages and disadvantages, and applicable 
scenarios of various WHR methods and uses. Finally, we give recom
mendations for future research and development on WHR in DCs. 

2. WHR for heating 

2.1. Waste heat sources and potentials 

Air-side cooling system is considered as the most common used 
technology in data centers (DCs), who can also produce the low- 
temperature and high-capacity and reliable waste heat [31]. However, 
waste heat utilization from DCs has been widely investigated, but waste 
heat from DCs has the characteristics of low thermal quality, which faces 
the challenge for a widespread use. Compared with air-side cooling, 
although liquid-cooling applications in DCs are limited, their waste heat 
temperatures are considerably higher than that in air-side cooling sys
tem, and thus have better potentials for waste heat re-utilization in DCs. 

Table 1 shows the waste heat temperature levels for different source 
cooling system in DCs. The symbol ‘☆’ represents the waste heat po
tentials, and more ☆ means more potentials. The air-side cooling system 
has the biggest waste heat potentials for the dominate market share, 
while the liquid-cooling system has the best waste heat potentials for the 
higher waste heat temperatures. The return hot water temperatures are 
between 50 and 60 ◦C in liquid cooling system, while the temperatures 
of condenser coolants are between 40 and 50 ◦C whether in air-side 

Nomenclature 

Abbreviations 
ABC Absorption cooling 
ADC Adsorption cooling 
AHP Absorption heat pump 
CCHP Combined cooling, heating and power 
CHP Combined heat and power 
COP Coefficient of performance 
CRAC Computer room air conditioning 
CRAH Computer room air handling 
DC Data center 
DCMs Data center microgrids 
DeST Design’s Simulation Toolkit 
DH District heating 
EGS Enhanced geothermal system 
GSHP Ground source heat pump 

GUI Graphical user interface 
HP Heat pump 
HPA-ORC Heat pump assisted Organic Rankine cycle 
HVAC Heating, ventilating and air-conditioning 
ICT Information and communication technology 
IDA ICE IDA Indoor Climate and Energy 
LiBr–H2O Lithium bromide-water 
MURBs Multi-unit residential buildings 
NPV Net present value 
ORC Organic Rankine cycle 
PUE Powe usage effectiveness 
SH Swimming Hall 
TES Thermal energy storage 
WHR Waste heat recovery 
3 E Energy, exergy and environmental 
4 E Energy, exergy, environmental and economic  
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cooling or air-to-liquid cooling systems, which also causes much big 
potentials for recoveries. The return warm water in sole or hybrid air- 
side cooling system is as low as 15–30 ◦C, which has worst recovery 
potentials considering the waste heat temperature levels. CRACs and 
CRAHs are different cooling system in DCs, which are selected based on 
DCs’ size, existing cooling infrastructure, and cooling requirements. The 
former ones are independent systems directly cooling and dehumidify
ing the air, while the latter ones belong to larger system circulating 
chilled air from a central cooling plant [35]. 

Fig. 1 shows the WHR from CRACs/CRAHs in DCs. The alternative 
waste heats in DCs are from both the return hot air and the coolants, 
which should be directly or indirectly eliminated or recycled, otherwise 
will be directly released to the outdoor environment causing thermal 
pollution. 

2.2. Existing operational cases 

Firstly, the waste heat from DCs can be used for the heating supply to 
the surrounding residential directly or after simple process (e.g., pre- 
heating and dehumidification). Stockholm Data Parks is a famous 
project in Sweden, which utilized the waste heat in DCs to meet the 
heating demand of 2500 residential apartments [37], and has proven the 
feasibility and economics of waste heat potentials from DCs for direct 
building or community heating supply. Some commercial DCs have been 
proven suitable for waste heat reuse in the nearby facilities. For 
example, the Notre Dame University (Indiana, USA) [38] and the Tele
house West (United Kingdom) [39] DCs achieve WHRs in the nearby 
greenhouses. Similarly, the Uspenski Cathedral (Helsinki, Finland) data 
center utilized waste heat to warm up water pipes for the heating de
mands in the nearby homes [40]. 

2.3. Corresponding research. 
In addition, many researchers have studied the optimization and 

comprehensive analysis of the WHR system in DCs at the research level. 

Yu et al. [41] used Design’s Simulation Toolkit (DeST) to simulate the 
dynamic AC load in the energy community with different buildings (e.g., 
apartment, teaching & exhibition center, fitness center, office building, 
and canteen) for heat and cooling load index, and took a DC in Harbin, 
China as a case study for feasibility of heating supply for the energy 
community. The results showed that the heat load in the subsidiary 
buildings (15.57 MW) is much smaller than the heat capacity of the 
cooling system in DCs (72.26 MW), and thus the thermal demand in the 
subsidiary buildings can be met by DC WHRs. Oró et al. [42] proposed 
WHR in liquid cooled DCs, and sold the excess heat to meet part of the 
heating demands (e.g., space heating, pool water heating) in an indoor 
swimming hall (SH). Through economic analysis, they found selling 
excess heat for heating demands in SH can bring additional income of a 
net present value of 330 k€ during 15-year period. In addition, the sold 
heat can reduce 18% heating cost for the SH as well as corresponding 
60% CO2 emission. In addition, the payback period was lower than 3 
years. 

More researchers utilized waste heat in DCs for the nearby residen
tial buildings considering the relatively reasonable match between 
waste heat scale from DCs and the heat demand in residential buildings. 
For example, Antal et al. [43] considered DC as stable heat sources and 
developed a mathematical model to reflect the thermal energy profile in 
DCs to manage the expected heat demand for the nearby neighbour
hoods. The results showed the utilized waste heat from DC had the po
tentials to meet various thermal energy demands in the nearby 
neighbourhoods. Murphy and Fung [44] connected the multi-unit resi
dential buildings (MURBs) to a DC and evaluated the maximum portion 
of shared energy for the heating supply and cooling supply for the 
MURBs and DCs, respectively. They evaluated the system viability 
though economic and carbon emission analysis and found the optimal 
MURB area was 110 000 m2 in Toronto when connected to a DC with 4 
MW cooling load, and the system, with HP for heating and cooling 
supply for MURBs and DC respectively, was the most profitable (11.9% 

Table 1 
The waste heat temperature levels for different source cooling system in DCs.  

DC cooling form Reference Description Potential heat source Temperature (◦C) Recycling potential rank 

Waste heat Temp. Application scope 

Air-side cooling CRACs [35] Room level cooling Return warm water 15–20 ☆ ☆☆☆☆ 
Return hot air 25–47 ☆☆☆ ☆☆☆☆ 

CRAHs Condenser coolant 40–50 ☆☆☆☆ ☆☆☆ 
Air to liquid Heat exchanger In-row & rear door cooling Return warm water 20–30 ☆☆ ☆☆ 

Condenser coolant 40–50 ☆☆☆☆ ☆☆ 
Liquid cooling [36] Return hot water 50–60 ☆☆☆☆☆ ☆☆ 

Notations: CRACs= Computer room air-conditioning units; CRAHs=Computer room air-handling units; Temp. = Temperature. 

Fig. 1. WHRs in DCs with CRACs/CRAHs [27].  
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unlevered after-tax internal rate of return after 30 years). Then, Zim
mermann et al. [45] firstly proposed an Aquasar prototype based on hot 
water-cooled supercomputer and analysed its energy and exergy effi
ciencies. Aquasar innovatively used hot water as coolant to effectively 
address cooling requirement in DCs, and recovered its waste heat to 
cover heating demand for the nearby buildings. They found that the 
processors could be effectively cooled by the proposal system with 60 ◦C 
hot water on the water-cooled side with only15 ◦C temperature differ
ential. Under this circumstance, the waste recovery and exergetic effi
ciencies can reach 80% and 34%, respectively. Based on the economic 
analysis, using waste heat from DCs for space heating could achieve the 
maximum economic value. However, the temperature and quality of 
waste heat in DCs greatly limit its direct application. 

2.3. HP application for waste heat upgrading 

Fortunately, heat pumps (HPs) are widely applied to recover waste 
heat in DCs due to their multi-function (e.g., redundant heat removal, 
waste heat upgrading and residential heating provision) [27]. HPs can 
increase the temperatures and grades of waste heat for various heating 
demands (e.g., domestic hot water), which is considered as the most 
promising method to achieve WHRs in DCs. 

Deymi-Dashtebayaz and Valipour-Namanlo [24] adopted air-source 
HP system for WHR in DC, and they applied the recovered heat for 
space heating supply in nearby office buildings. Through energy, envi
ronmental and economic analysis, they concluded that the proposed 
method could achieve considerable savings of natural gas, electricity 
energy, carbon emission and energy cost, which just needed a payback 
period of 2.5 years. In addition, Lin et al. [16] proposed a high-efficient 
method for WHR by integrating the CO2 HP, mechanical sub-cooling 
cycle as well as the lithium bromide-water (LiBr–H2O) absorption 
refrigeration cycle. The low-temperature waste heat in DCs is upgraded 
by the CO2 HP and mechanical sub-cooling and is absorbed by circu
lating water for different heat demands (e.g., driving LiBr–H2O ab
sorption cooling unit for cooling demand in summertime, direct heat 
supply in wintertime and hot water supply in non-heating seasons). The 
hot water from the HP can be used in the surrounding office buildings in 
winter. They used MATLAB and REFPROP 10 to build up both energy, 
exergy, and economic models to analyse the system performance. They 
concluded that the proposed integrated system performed better in 
terms of both energy and exergy destruction with a short payback period 
(2.04–2.46 years). The application of HPs in DC WHRs has been very 

common and can be regarded as an indispensable part. 

2.4. TES for matching supply and demand 

Apart from HPs, thermal energy storage (TES) is also believed to 
improve WHR efficiency, which can balance the mismatch between the 
heat supplies from the waste heat system and the heat demands for the 
subsidiary buildings. 

Wang et al. [46] adopted a CO2 ground source HP (GSHP) system to 
establish a prosumer DC energy system to achieve WHR for the heating 
supply in the surrounding buildings and stored the waste heat during the 
non-heating seasons by a CO2 direct-expansion GSHP. Through 3 E 
analysis, they found the heat-power ratio can achieve 5.7 in the pro
sumer DC WHR system. Compared with conventional cooling system 
(air-source heat pumps), the proposed system had almost the half 
(52.8%) of the total power consumption, and significantly improved the 
matching thermodynamic performance with a 3.87 improvement on 
exergy efficiency. In addition, the annual net profit in the proposed 
system is 190.34% than that in the conventional system. Besides, Dvorak 
et al. [47] adopted an aquifer TES (ATES) in a DC to improve the waste 
heat utilization efficiency for a university campus. They found that the 
proposed system can annually achieve 680 tons of CO2 emission on 
average considering the current ATES policy, while can increase the CO2 
to 1000 tons in future scenario. Fig. 2 shows the schematic of WHR with 
TES systems (e.g., hot water tank, GSHP, and others). 

2.5. System optimization 

Except of the research on validation of different waste heat energy 
system based on DC and the nearby heating demand, researchers also 
proposed energy system management methods for better utilization of 
waste heat from DCs to the neighbourhoods’ heating demands. 

Luo et al. [48] proposed a decision support system to manage the 
energy system in DCs with WHR system, and the proposed system can 
analyse WHR conditions (e.g., opportunities, waste heat quality and 
quantity, and exergy and temporal availability), and used the waste heat 
for space heating supply in nearby buildings. They found that the pro
posed WHR system can recover 68% waste heat from the IT equipment, 
and improve 10% power usage effectiveness (PUE) in case DC, and 
found the proposed decision support system can be widely used in both 
newly-built and existing DCs for providing relatively quick deciding 
method on WHR investment and return strategy. In addition, Antal et al. 

Fig. 2. Using thermal energy storage to store waste heat from DCs [47].  
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[49] proposed a workload scheduling for transforming waste heat from 
IT equipment in distributed DCs to residential homes’ heating system. 
They found the proposed method can manage to the workload distri
bution, and can meet the temperature setpoint requirement and server 
power requirements accurately follow the heat demand. 

Table 2 summarized the WHR methods and applications in DCs to 
meeting the heating demands in the nearby buildings directly or after 
pre-heating. It can be found that the feasibility of WHR for the heating 
demands in the nearby buildings is validated with the benefits of energy 
savings, carbon emission reduction, and short economic payback. The 
waste heat receivers are mainly residential and office buildings, while 
HPs are widely used in these systems for different cases with different 
temperature or grade-level uses. In addition, TES tank is not essential in 
the heating system, but can be applicable for better energy flexibility. 

3. WHR for district heating networks 

3.1. Background 

Apart from utilizing waste heat for the heating supply in the nearby 
buildings directly or after pre-heating, waste heat from data centers 
(DCs) can also be recovered for supplementing heat loads in district 
heating (DH) networks. Using the waste heat for DH networks can 
simultaneously improve the DC operation performance and reduce 
carbon emission from DH. Different from waste heat recoveries (WHRs) 
for nearby building heating with different temperature levels (e.g., 
20–55 ◦C), excess heat for DH networks need to meet certain supply 
water temperature requirements (45–55 ◦C) [50]. Thus, preheating is 
compulsory for waste heat utilization in DH networks, which requires 
additional heating devices and power input, and the technical, energy 
and economic analysis are necessary to study the WHR system feasi
bility. Fig. 3 shows the rough sketch of how the waste heat from DCs 

Table 2 
Summary of WHRs in DCs for heating the nearby buildings directly or after pre-heating.  

Reference Recovery Application 
scenario 

Heating type Analysis aspects HP TES Results 

En. Ex. Em. Ec. 

Yu et al. [41] Cooling-water 
source HP 

Energy 
community 

–DHW 
–Circulating water 
for heating system 

●   ● ●  –The heat load in subsidiary buildings 
(15.57 MW) is much smaller than heat 
capacity of DC cooling system (72.26 MW), 
–Meet the thermal demand in subsidiary 
buildings 
–Considerable economic efficiency 

Oró et al. [42] Water-to-water 
heat exchanger 

Swimming halls –Space heating 
–Pool water 
heating 

●  ● ●   –The excess heat selling bring additional 
income of a NPV of 330 k€ during 15-year 
period. 
–The sold heat reduces 18% heating cost for 
the swimming pool as well as corresponding 
60% CO2 emission. 
–The payback period was lower than 3 
years. 

Murphy and Fung [44] Water-to-water 
HPs, 

Multi-unit 
residential 
buildings 

–Space heating ●  ● ● ●  –The optimal MURB area is 110 000 m2 

connected to a DC with 4 MW cooling load 
–The system was the most profitable (11.9% 
unlevered after-tax internal rate of return 
after 30 years) 

Zimmermann et al. 
[45] 

Heat exchanger Nearby buildings –Space heating ● ●  ●   –Effectively cools the processors with 60 ◦C 
hot water on the water-cooled side with 
only15 ◦C temperature differential. 
–The waste recovery and exergetic 
efficiencies can reach 80% and 34%, 
respectively. 
–Based on economic analysis, using waste 
heat from DCs for space heating can achieve 
the maximum economic value. 

Deymi-Dashtebayaz 
and Valipour- 
Namanlo [24] 

Air-source HP Office buildings –Space heating ●  ● ● ●  –Achieve considerable savings of natural 
gas, electricity energy, carbon emission and 
energy cost. 
– Short payback period of 2.5 years. 

Wang et al. [46] CO2 direct- 
expansion 
GSHP 

Surrounding 
buildings 

–Space heating 
–DHW 

● ●  ● ● ● –The heat-power ratio can achieve 5.70. 
Compared with conventional cooling system 
(air-source HPs): 
–Almost the half (52.8%) of the total power 
consumption, 
–Greatly improve the matching 
thermodynamic performance, 
–with a 3.87 improvement on exergy 
efficiency, 
–The annual net profit reaches 190.34%. 

Dvorak et al. [47] HP University 
Campus 

–DHW ●  ●   ● –Reduce 680 tons CO2 emission annually 
considering current policy. 
– Reduce 1000 tons CO2 emission annually 
in future scenario. 

Lin et al. [16] CO2 HP Office buildings –Circulating water ● ●  ● ●  –Perform better in terms of both energy and 
exergy destruction 
–A short payback period (2.0–2.5 years).  

Notations: DC = Data center; HP=Heat pump; NPV= Net present value, Energy community including apartment, teaching & exhibition center, office 
building, canteen and fitness center; DHW = Domestic hot water; En. = Energy; Ex. = Exergy; Em. = Environmental; Ec. = Economic.  
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linking to the DH networks [51]. 

3.2. WHR with heat pumps 

Huang et al. [4] gave out the schematic of combining DC (with 
CRAHs) and DH networks system (with HPs), which is shown in Fig. 4. 
Both the waste heat from exhaust air or coolant can be recovered, whose 
temperature levels are upgraded by the HPs for high-grade or 
high-temperature heat demands (e.g., DH networks). Abdurafikov et al. 
[52] compared different heating energy scenarios through energy and 
carbon emission analysis in a typical district heated area in Finland. 
Here, they focused on WHR form an air-cooled DC (an industrial waste 
heat scenario) and achieved reductions of 32% centralized heat pro
duction and the most of 50% of carbon emission annually under the 
circumstance of only 20% of waste heat share in supply. In addition, Oró 
et al. [35] proposed implementing WHR solution in air-cooled DCs for 
improving energy efficiency and flexibility of DH networks, and they 
evaluated the energy and economic feasibility of the solution through 
numerical studies. According to economic analysis of the DCs with a 
specific 1000 kW in Barcelona, Spain, they concluded that WHR is not 

feasible in most conventional air-cooled DCs. However, some air-side 
cooling configurations, particularly rear door cooling, can achieve 
economic viability in terms of WHR. They mentioned that HPs were 
essential to increase waste heat operational temperature for the 
high-temperature heating demands, especially for the medium and 
high-temperature DH networks. 

He et al. [53] incorporated a distributed cooling system and HP unit 
into a real Chinese DC to further raise the waste heat quality, and they 
found approximately 10% of the annual power could be saved due to 
WHR from the DC to DH networks. Besides, the DH network could 
annually save 18 000 tons of coal. They also mentioned two kinds of 
schematic of WHR for DH networks, as shown in Fig. 5. Layouts a&b all 
reuse the chilled water as the waste heat source, but the chillers are 
replaced by the HPs in layout a. In addition, the water from the evap
orator of HP can also be used as the chilled water for cooling the DC. 

Al-Sayyab et al. [54] put forward a novel simultaneous system with 
ejector-solar assisted HP for simultaneous DC cooling and further DC 
WHR for DH networks, and they conducted energy, exergy and envi
ronmental (3 E) analysis of the proposed system. PV/T waste heat is used 
via an evaporative-condenser to drive an ejector, and the generated 

Fig. 3. WHR (low-temperature) in DCs to DH systems (high-temperature) [51].  

Fig. 4. Schematic of combined DC with CRAHs and DH networks system with HPs [4].  
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electricity is exploited for HP compressor and pumps running. Then, the 
produced cooling source is for waste heat consumption and indoor air 
condition maintenance in DC. Finally, the waste heat can be upgraded to 
the functional temperature level of the compressors and used for DH 
networks. Existing application examples of DC waste heat recovery for 
DH networks was in 2020 that a Tencent DC in Tianjin, China [55] had 
applied a magnetic suspension HP to achieve WHR for heating demand 
in the residentials. According to the system operation results, they found 
when the waste heat was recovered by only 10%, the heating demand of 
the whole office buildings in the DC campus can be met. This project has 
achieved considerable energy savings and great economic response and 
has also validated the feasibility of using HP system to achieve WHRs for 
DH. 

3.3. TES for better performance 

Li et al. [56] claimed that although utilizing waste heat from DCs for 
DH systems is feasible, its utilization is limited by the mismatch between 
heat supply and heat demands from and to DCs and DH systems, 
respectively. In addition, the operation cost of the DH systems can be 
greatly affected by the high peak loads. Thus, they recommended using 
both short-term (e.g., water tank) and long-term (e.g., borehole) TES to 
balance the mismatch. They also evaluate the proposed system inte
grating TES into DH networks based on WHR from DCs though 3 E 
analysis. They found the peak load can be shaved by the water tank by 
31%, which also saved 5% energy cost yearly, and the payback period 
was below 15 years under the circumstance of higher storage efficiency 
than 80%. In addition, the borehole TES can achieve WHR rate up to 
96%, bringing an annual CO2 emission reduction of 8%. However, the 
payback period for the long-term TES was beyond 17 years. Wahlroos 
et al. [57] utilized the waste heat from a DC to DH networks by HPs and 
applied TES units to store excess heat for balancing time mismatch be
tween heat supply and demand. They analysed its energy efficiency and 
potentials for the proposed low-temperature DH networks. They found 
waste heat use can achieve 0.6–7.3% energy cost saving from the system 
operational level, while it reduces the usage time of both CHP plant and 
heat-only boilers. In addition, the waste heat can be utilized during 
95–99% of the hours regardless of electricity price and can achieved 
12.2% saving of total production costs in high electricity price 
condition. 

And Oltmanns et al. [58] proposed a direct hot-water (45 ◦C) cooling 
system and utilized the waste heat for DH networks or directly heating 
for nearby buildings. The WHR was achieve by both HPs and TES and 
achieve altogether 20–50% waste heat utilization rate for different heat 
uses. In addition, the proposed system can annually reduce CO2 emission 
up to 720 TCO2 which accounts for approximately 4% of total carbon 
emission in the university campus. Keskin and Soykan [51] proposed a 

comprehensive energy cost management in a DC with combined cooling, 
heating, and power (CCHP) and WHR system for cooling & power supply 
and for DH networks, respectively. They also used a mixed integer linear 
programming for operational strategy selection for the overall system. 
They found that the combined system could annually reduce energy cost 
of CCHP system by 40.3%, and the payback period was about 6.6 years. 
Furthermore, Huang et al. [59] proposed a new WHR system in DC with 
HP and heat pipe based on three-fluid heat exchanger, and they also 
adopted TES tank for heat storage, while the system adopted three 
operating modes (e.g., heat recovery, heat pipe and mechanical cooling 
modes). They found that the comprehensive energy efficiency ratio can 
reach up to 4.5 in heat recovery mode under the circumstance of 50 ◦C 
heating water, which will benefit the cooling supply in DCs as well as 
DH. Around 9.5 MW h heat can be harvested from a 5 kW DC to suc
cessfully meet the heat demand of a residential room of 60 m2 in Tianjin, 
China. 

3.4. System optimization 

Similar to DC waste heat for heating nearby buildings, that for DH 
networks is also optimized by management method and optimization 
model (e.g., decision support model). Ljungdahl et al. [60] developed a 
decision support model for waste heat system design in DCs and opti
mize the high-performance computing responsories with liquid-side 
cooling and phase change cooling, whose goal is to optimize the WHR 
systems considering several system parameters (e.g., coolant and DH 
supply temperatures, DH load coverage). The utilization of liquid 
coolant and latent thermal energy storage (TES) can operate at high 
temperature (50–60 ◦C) for high-temperature WHR and seasonally store 
the un-controllable waste heat resource, respectively, and thus the in
tegrated system can cover larger DH loads. The proposed model is 
applied in a Danish DC as a case study, which can achieve 8.14–10.8% of 
total electricity use saving, and 85–576 MW h/year WHR potential. In 
addition, 8–18% operational costs saving can also achieved. 

Table 3 summarized the application scenarios of waste heat from DCs 
for supplementing the DH networks. It can be found that all the systems 
adopted HPs because the waste heat temperatures are compulsory to be 
heated to the required temperatures (45–55 ◦C) for DH networks, while 
most of them applied different kinds of TES (e.g., hot water tank, 
borehole, battery storage) for balancing mismatch between heat supply 
and demand. The application of these two devices (HPs and TESs) 
greatly increases the utilization efficiency of waste heat, which also 
brings energy, environmental and economic benefits in combined DC 
and DH network system. 

Fig. 5. Two kinds of WHR for DH networks [53].  
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4. WHR for cooling supply 

4.1. Absorption cooling 

4.1.1. Background 
Using the absorption units for low-grade waste heat utilization will 

not contribute to greenhouse gaze emission, and the absorption cooling 
system suits for the systems with all sizes (small, medium, and large), 
which is also simpler than other conventional cooling system (e.g., 
compressor refrigeration and evaporative cooling) [19]. There are two 
main working pairs widely used in absorption cooling system, namely 
the Lithium Bromide-water (LiBr–H2O) [62] and water-ammonia [63]. 
Kim et al. [64] theoretically studied an absorption-based heat pump 
(HP) system with working pair of LiBr–H2O for device cooling and 
validated its feasibility via theoretical evaluation and coefficient of 
performance (COP) analysis. They obtained a maximum cooling ca
pacity up to 100 W, and a COP of 0.87. Except of LiBr–H2O, researchers 
[65] also used water-ammonia as the working pair with a COP of 0.73, 
and they claimed that although the COP of water-ammonia based ab
sorption cooling is lower than that of the mechanical compression sys
tem, the absorption cooling has notable advantages (e.g., high 
reliability, lower cost, and simple development and build processes). 
Fig. 6 shows the schematic of a typical absorption cooling system [66]. 

The above two research [64,65] have established a baseline for ab
sorption cooling system performance, which can serve as reference for 
future improved absorption cooling system. Other related studies are 
aimed at optimizing the absorption cooling system performance via the 
system parameter optimization [67], hybrid cooling system (e.g., fuel 
cell [68], and solar energy [69], hydrophobic membrane-based adsor
ber/condenser [70]), combined with other media (e.g., Carrol-H2O [71], 
LiCl–H2 [72]), etc. Through literature research, it can be found that 
there were many and relatively comprehensive studies on the absorption 
cooling system. 

4.1.2. Potentials for WHRs in DCs 
Currently, many studies have applied absorption chiller for waste 

heat recoveries (WHRs) in data centers (DCs), which is usually equipped 
with heat pumps (HPs) for high-grade heat use. When the generator 
temperatures are as low as 70–90 ◦C, the absorption cooling system can 
still operate, while these low temperatures are compatible with the low- 
temperature waste heat ones from two-phase or liquid cooled DCs [31]. 
However, absorption cooling is also applicable for WHRs in air-cooled 
DCs with lower temperature levels (below 65 ◦C), which compulsorily 
requires an additional heat booster. Fig. 7 shows the overall system di
agram of DC waste heat-driven absorption cooling system [73]. 

In 2010, Haywood et al. [74] come up with the idea of using waste 
heat from DC itself to drive a sustainable and alternative DC cooling 
system, which was already relatively preliminary ideas and research on 
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Fig. 6. Schematic of a typical absorption cooling system.  
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the WHRs in DCs. The idea was challenged by providing enough exergy 
to drive cooling process and enough cooling for the DC under the 
circumstance of fluctuating thermal supply, which can be addressed by 
TES, multi-energy complementarity etc. The idea or research by Hay
wood et al. [74] is only a preliminary idea about DC WHRs but provides 
a reference for later related research. 

4.1.3. Management methods based on workload and energy 
The feasibility of absorption cooling application in DCs has been 

studied by many researchers as follows. Tian et al. [75] proposed an 
innovative energy management method combined workload and waste 
heat optimizations for DC microgrids, and they applied an absorption 
chiller to recover the waste heat from CHP units and IT equipment. 
Absorption chiller supplies cooling, which reduce the cooling required 
by conventional cooling system (e.g., CRACs), thereby improving the 
energy efficiency of the DCMs. The results showed that applying WHRs 
in both CHP unit and DC can achieve the minimum operating cost. In 
addition, Ding et al. [76] also proposed a WHR-based energy manage
ment method for DC microgrid, and the principle is also to used WHR for 
alternative cooling production, which supplement or replace the cooling 
from traditional CRACs. But they didn’t focus on the WHR system too 
detailed as they focused on the two-stage stochastic programming model 
for optimization. Manu and Chandrashekar [19] proposed a waste 
heat-driven absorption HP system for chip cooling, which adopts 
single-stage LiBr–H2O vapor and without solution heat exchanger, and 
they also used MATLAB (2008b) to develop a friendly graphical user 
interface (GUI) package for examination of chip heat flux effect on COP, 
conductance, and flow rates. They found the developed GUI for 
LiBr–H2O vapor absorption heat pump had a faster and high accuracy to 
determine the chip temperature effect on the loads, performance, flow 
rates and conductance. 

4.1.4. Further study with multi-energy system 
In addition to research on WHR-based management platform, and 

workload and energy management, researchers also combine WHRs 
with different energy or energy storage systems to further energy effi
ciency improvement in DCs. Amiri et al. [77] proposed using Libr-H2O 
absorption chiller system to achieve WHR in DCs and analysed its 
techno-economic feasibility. They found that the proposed system can 
achieve energy saving (up to 13.0 GW h/year) and corresponding car
bon emission reduction (9208 tons CO2) and have a relatively short 

payback period of 2.56–2.76 years. Furthermore, Han et al. [62] pro
posed using waste heat in DC to drive the Libr-H2O absorption cooling 
system for further cooling to servers, and adopted an enhanced 
geothermal system with obsolete oil wells for TES. They also analysed 
the effects of some parameters (e.g., well depth, porosity, injection rate, 
permeability, and reservoir width) on the proposed cooling system 
performance. They concluded that the enhanced geothermal system 
could cause better LiBr–H2O cooling system performance, and the sys
tem cooling capacity can reach 9 MW with a COP of beyond 1.0. In 
addition, as mentioned above, Lin et al. [16] proposed a hybrid 
high-efficient cooling system combining CO2 HP, mechanical 
sub-cooling cycle and LiBr–H2O absorption refrigeration cycle, which 
can not only upgrade the low-temperature heat by HP for heating supply 
in winter, but also supply cooling to the surrounding office building in 
summer via the absorption refrigeration cycle. The mechanical 
sub-cooling cycle is also used to increase the cooling capacity of CO2 HP 
and decrease the required CO2 mass flow in the cooling of DCs. Although 
the LiBr–H2O absorption cooling units cost more than half of the total 
integrated system, the developed system has a relatively short payback 
period (2.04–2.46 years) with different working fluids in the mechanical 
sub-cooling cycle. 

Chen et al. [78] integrated a spray cooling system with a waste heat 
driven absorption chiller in DC and adopted a chilled water storage 
system for peak load shifting. The hybrid system could use the cooling 
generated from absorption chiller to cover that from condenser of spray 
cooling system and stored off-peak cooling capacity of absorption chiller 
for on-peak cooling load supplementary. The results showed that inte
grating the absorption chiller with the chiller water storage unit could 
totally meet the on-peak cooling load, and the proposed hybrid cooling 
system could achieve 51%, 17% and 71% savings of energy, exergy and 
operation cost, respectively with a short payback period of 286 days. 
Like Chen et al. [78], Ebrahimi et al. also [79] also used the cooling 
generated from the absorption cooling cycle to replace that from 
condenser in the on-chip cooling system. They compared the perfor
mance between the absorption cooling systems with LiBr–water and 
water–ammonia working pairs in the developed model and found 
LiBr–water absorption system had a superiority. They also found that the 
proposed hybrid can improve the energy efficiency in DC, and the 
payback periods were 7–8 months and 4–5 months for 2 MW and 10 MW 
DCs, respectively. 

Fig. 7. he overall system diagram of DC waste heat/driven absorption cooling system.  
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4.2. Adsorption cooling 

4.2.1. Background 
Absorption refrigeration systems with LiBr–H2O or NH3–H2O 

perform well in DCs when the waste heat temperatures range between 
65 and 100 ◦C [73]. However, the system will shut down and have much 
low COP under the circumstance of lower temperatures (below 65 ◦C). 
In addition, absorption chillers have the characteristics of low power to 
weight ratio, which occupy a large area unsuitable for most of DCs with 
constrained space, and the used absorbents are environmentally 
unstainable and corrosive. Thus, restrictions exist in the application of 
absorption refrigeration in WHRs in DCs. 

In addition to absorption refrigeration, adsorption refrigeration is 
also applicable in DC WHR as its driving temperature can be as low as 
60 ◦C [36]. Pan et al. [36] claimed that silica gel-water performed the 
best among numerous working pairs in adsorption cooling system due to 
its low driving temperature and relatively mature technology, which 
had been widely adopted in solar and WHR fields. Lu et al. [80] 
compared two different chillers (e.g., LiBr–H2O absorption and silica 
gel-water adsorption) for solar cooling system, and they found adsorp
tion chiller performed better than absorption chiller in terms of running 
hours. 

4.2.2. Application potentials 
From 1980s on, adsorption cooling system adopting silica gel-water 

has been commercially used in solar cooling application [30]. To this 
day, the adsorption refrigeration on solar cooling application has been 
widely studied both experimentally and numerically. A three-stage 
adsorption chiller proposed Shah et al. [81] can decrease its driving 
temperature to about 50 ◦C, which facilitate the application of adsorp
tion cooling in DC WHR. In addition, due to the characteristics of the 
year-round uninterrupted operation and high waste heat output in DC, 
DC can maintain steady, high-temperature waste heat supply, and thus 
has more promising application for adsorption cooling [45]. Thus, in 
terms of adsorption cooling, WHRs in DCs are more promising than the 
solar cooling due to more stable driving temperatures [30]. 

In DC with water-cooled servers, 50–60 ◦C waste hot water can be 
produced by some components (e.g., CPU), while the required chiller 
water temperature is approximately 22 ◦C for some other components 
(e.g., hard disk) [36]. Thus, it is possible to recovery the 50–60 ◦C waste 
hot water to drive the adsorption chiller for the chilled water produc
tion. Fig. 8 shows the schematic of the basic WHR system with adsorp
tion chiller in water-cooled DC [36]. Here, adsorption chiller can 
achieve servers waste heat consumption and the cooling supply for 
servers at the same time, while cooling tower contributes to heat dissi
pation during adsorption and condensation in the chiller. 

4.2.3. Existing studies 
In Germany in 2017, Wilde et al. [82] firstly built a WHR project with 

adsorption cooling system in DC and proposed recovering waste heat in 
the high-performance computing station adopting high-temperature 
direct-liquid cooling system (namely CooLMUC-2 system), and used 
the waste heat to drive an adsorption chiller to generate cold water for 
other IT components cooling. Based on a case study, they found the 
integrated CooLMUC-2 and adsorption chiller could achieve both 95 kW 
heat removal from the super-computer and over 50 kW cold water 
production at the cost of only around 6 kW electricity consumption after 
optimizing the system operation parameters. 

Pan et al. [36] claimed that silica gel-water performed the best in 
massive applications in the solar and waste heat utilization considering 
its lower driving temperature and mature technologies, and then pro
posed a silica gel-water adsorption chiller for solar cooling and DC WHR. 
They found that under the circumstance of using adsorption chiller, DC 
WHR has much shorter payback period (0.5–2 years based on the 
recycling system operating hours in a year) than the solar cooling 
application. In addition, combined with conventional cooling system 
without WHRs in DCs, adsorption chiller-based WHR in DCs had a short 
payback period of less than 1 year. Thus, they thought waste heat 
cooling application had more economic potential than solar cooling, 
which was also promising in the future. 

Gupta and Puri [83] proposed a new cooling system adopting an 
adsorption chiller to achieve WHR in a DC with both air-side and 
water-side cooling, while this system can use the dissipated heat from 
the water-cooled racks to drive the silica gel-H2O adsorption chiller. The 
chiller water generated from adsorption chiller can be used for in-row 
air-cooled units in the, and thus partially or fully eliminate the cooling 
load of the existing vapor-compression chiller, which achieve energy 
savings. 

4.3. Other cooling 

Apart from the waste heat in DCs by absorption and adsorption 
cooling system, that can also be used in other kinds of cooling produc
tion process (e.g., auxiliary evaporative cooling and combined cooling, 
heating and power system). 

4.3.1. Evaporative cooling application 
The waste heat can also be used for achieving evaporative cooling in 

DCs. In an evaporative cooling system, water evaporation process can 
achieve fresh-air humidification, and cooling of fresh-air by water 
evaporative latent heat [84]. There are also strict requirements on hu
midity in DCs, so this part of the cold air cannot be directly adopted to 
the cooling cycle. Utilization of waste heat from IT equipment can 
provide a warming system, which increases the fresh air temperature to 
some degrees and decreases its relative humidity (RH) to meet the 
desired server room conditions of humidity. Thus, integrating evapo
rative cooling with WHRs from IT equipment is theoretically feasible, 
and can achieve energy savings and economic benefits compared with 

Fig. 8. Adsorption chiller based WHR system in water-cooled DC [36].  
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conventional CRACs. 
In 2009, Chen et al. [85] proposed a waste heat-driven outdoor air 

system in buildings, which was integrated with evaporative cooling 
system and dehumidifier for fresh air cooling and dehumidification. 
Based on performance analysis and thermal calculation, they the pro
posed system can achieve energy conservation in humid and moderate 
climates. Their research was the initial application of the combined 
evaporative cooling and WHR system in buildings. While Endo et al. 
[84] firstly proposed a combined direct fresh-air cooling system with 
both evaporative cooling and WHR from IT equipment in a container 
DC. After one-year examination, they found that the proposed system 
could maintain the server environmental conditions with acceptable 

ranges and could annually reduce the total energy consumption by 
around 21% compared with container DC with CRACs. 

4.3.2. Combined cooling, heating and power system application 
Combined cooling, heating and power (CCHP) system is also appli

cable in DCs, which can produce both cooling and power for cooling 
system and operation respectively. CHP systems use gas turbine or fuel 
cell for electricity production, and produce much waste heat, which can 
be combined with the waste heat from IT equipment to drive refriger
ation devices (e.g., absorption chillers) [86]. The cooling from the 
heat-driven cooling device can be used to eliminate heat from IT 
equipment in DCs again. As early as 2002, Herold and Radermacher [86] 

Table 4 
Summary of waste heat utilization for cooling production.  

Reference Scenario Cooling system HP TES Woking pair Results and Pros & Cons 

Kim et al. [64] Chips –ABC 
–Device cooling 

●  LiBr–H2O COP: 
0.87 

Compared with mechanical 
cooing system: 
–Lower cost. 
–High reliability. 
–Easier to manufacture, build 
and develop. 

Chiriac and Chiriac [65] –High-Power electronics 
system 

–ABC ●  Water-ammonia COP: 
0.73 

Tian et al. [75] –CCHP 
–DC 

–ABC 
–traditional CRACs   

N/A –Replace the cooling from traditional 
CRACs. 
–Improving the energy efficiency of the 
DCMs. 

Manu and 
Chandrashekar [19] 

–DC –ABC 
–No solution heat exchanger 

●  One-stage 
LiBr–H2O 

–Focus on a GUI package for AHP 
optimization. 
–The package can achieve faster and high 
accuracy to determine the chip temperature 
effect. 

Han et al. [62] –DC –ABC 
–Enhanced geothermal 
system 

● ● Two-effect Libr/ 
H2O 

–The driven temperature of hot water from 
EGS can meet adsorption cooling 
requirement. 
–COP: more than 1. 
– The bigger the well depth and injection 
rate, the bigger the cooling capacity. 

Amiri et al. [77] –DC –ABC 
–Traditional compression 
chiller   

Libr-H2O –Energy saving (up to 13.0 GW h/year). 
–Carbon emission reduction (9208 tons 
CO2). 
–Short payback period of 2.56–2.76 years. 

Lin et al. [16] –DC –ABC 
–Mechanical sub-cooling 
cycle 

● 
(CO2)  

Libr-H2O –High cost of the absorption cooling units 
(over the half of integrated system) 
–Short payback period (2.04–2.46 years) 

Chen et al. [78] –DC –ABC 
–Spay cooling  

● Two-stage 
LiBr–H2O 

–Reduce cooling power consumption by 
39% 
–Reduce electricity bill by 68% 
–During on-peak period: 
>Energy saving efficiency of 60.7% 
>exergy efficiency of 23.7% 
>operation cost saving of 83.3% 

Ebrahimi et al. [79] –DC –ABC 
–Two-phase cooling   

–LiBr–H2O 
–Water–ammonia 

–Payback periods were 7–8 months and 4–5 
months for 2 MW and 10 MW DCs. 
–LiBr–H2O had a superiority than 
water–ammonia. 

Wilde et al. [82] –High-performance 
computing station 

–ADC 
–CooLMUC-2 system   

Silica gel- H2O –Achieve both 95 kW heat removal. 
–Over 50 kW cold water production at the 
cost of only around 6 kW electricity 
consumption. 

Pan et al. [36] –DC –ADC 
–Solar-driven cooling   

Silica gel- H2O –Shorter payback period (0.5–2 years). 
–Better economic potential than solar 
cooling, promising in the future. 

Gupta and Puri [83] –DC –ADC 
–Air-side cooling 
–Water-side cooling   

silica gel-H2O –Partially or fully eliminate the cooling load 
of the existing vapor compression cooling 
system. 

Endo et al. [84] –Container DC –Direct fresh-air cooling 
system 
>Evaporative cooling   

N/A –Maintain the server environmental 
conditions with acceptable ranges, 
–Reduce the total energy consumption by 
around 21% compared with container DC 
with CRACs. 

Herold and 
Radermacher [86] 

–DC –Integrated cooling and 
power systems 

●  N/A Confirm the feasibility and attractive 
environmental benefit. 

Notations: DC = Data center; DCMs = Data center grids; CHP= Combined cooling, heating and power; HP= Heat pump; GUI = graphical user interface; AHP =
Absorption heat pump; TES=Thermal energy storage; EGS = Enhanced geothermal system; ABC = Absorption cooling; ADC = Adsorption cooling; CooLMUC-2 system 
= high-temperature direct-liquid cooling system. 
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has proposed integrated cooling and power systems for both cooling and 
power supplies in DCs, and confirmed its feasibility and attractive 
environmental benefit. 

Table 4 summarized the waste heat utilization for cooling produc
tion. It can be found waste heat-driven cooling systems were widely 
studied in DCs, which can be realized by different cooling system (e.g., 
absorption cooling, adsorption cooling, evaporative cooling). The better 
working pair in absorption cooling system is LiBr–H2O, while the ab
sorption cooling system has a relatively low COP, but have the charac
teristics of lower cost, high reliability and simple development and 
construction processes. Adsorption cooling system can be applicable for 
lower waste heat temperature (below 60 ◦C) conditions, which causes 
less power input for pre-heating. The payback periods of both absorption 
and adsorption cooling systems are short, which deserve further study 
and optimization. In addition, other kinds of waste heat-driven cooling 
system (e.g., CCHP and evaporative cooling) is also applicable, but need 
more research and validation of its reliability from technical and eco
nomic perspectives. 

5. WHR for electricity management and production 

In addition to being used directly or indirectly for low-quality energy 
use (e.g., cooling and heating supply), waste heat from data centers 
(DCs) can also be used for the high-quality energy (e.g., mechanical 
energy and electricity) after conversion. Using waste heat for electricity 
production can be achieved by heat recovery cycles. 

5.1. Power production by Organic Rankine Cycle 

5.1.1. Principles 
Yari et al. [87] compared the power performance in the Trilateral 

Rankine Cycle, the Organic Rankine Cycle (ORC), and Kalina Cycle 
driven by the waste heat. They found the ORC had the best economic 
benefits and was recommended for heat recovery-based electricity 
production. Thus, ORC is considered as the first choice for its flexible use 
of electricity production based on waste heat, which has the possibility 
to achieve WHR in DCs and electricity production. ORC system has the 
characteristics of simple and reliable system, and lower maintenance 
costs, which has been studied and implemented for many decades as a 
power cycle technique [88]. ORC system usually runs by organic fluids 
with lower boiling points, and requires an operating liquid temperature 
between 150 and 350 ◦C. When the working liquid temperature 
Nowadays, ORC system can be used for the heat sources from the 
geothermal and solar energy, biomass, desalination system, and WHR 
system [89]. Fig. 9 shows the schematic of an ORC system. The ORC 
system uses heat as the driving energy for electrical power generation, 
which is regarded as a power cycle, and the operating processes are 
divided into 4 parts [88].  

1. Using a pump to pressurize the fluids, and pumping them into an 
evaporator;  

2. After receiving the external heat source, the evaporator makes the 
ORC fluids boil;  

3. The vapor fluid enters into an expander attached to a generator, and 
expand in the expander, where the electrical power is generated;  

4. The expanded vapor enters the condenser to condense the fluid, 
which should be carried back to the pump. 

Due to the uninterrupted waste heat production with high capacity in 
DCs, the generated waste heat can also be recovered and reutilized for 
ORC power plants for electricity production. Normally, ORC plants with 
HPs achieve waste heat recoveries directly from the DC equipment with 
refrigerant loops, or indirectly through a vapor compression cycle from a 
water loop connected to DC equipment [90]. As mentioned above, the 
typical operating temperature for the ORCs is between 150 and 350 ◦C, 
but the temperature of waste heat from DCs is normally 60–85 ◦C, which 
is far lower than the typical temperature for ORCs. However, researchers 
have tried many different working fluids to make OCR system more 
suitable for the low-grade heat sources, and they found the organic 
compounds (e.g., Hydrofluorocarbons) have suitable thermal properties 
with relatively low saturation temperatures, which are applicable for 
low-grade heat application [91]. In some cases that the waste heat 
temperatures in DCs are still lower than the required working fluid 
temperatures, additional electrical power is required to heat the work
ing pair to the acceptable temperature in ORCs. Thus, thermodynamic 
and economic analysis should be taken into consideration in ORCs in 
DCs. In addition, environmental-friendly working fluid appropriate for 
ultra-low heat sources need be investigated. 

5.1.2. Existing studies 
Ebrahimi et al. [25] proposed utilizing ultra-low temperature waste 

heat from a dual loop DC to drive ORC system for electricity production 
and validated its feasibility through both thermodynamic and economic 
analysis. They claimed that this work firstly fully analysed the matching 
between ORC system and DC operating conditions. Super-heaters are 
always utilized in ultra-low (less than 85 ◦C) heat sources to boost the 
heat recovery temperatures, which were adopted by Ebrahimi et al. [25] 
as the temperatures of waste heat from DCs were below 85 ◦C. Through 
analysis, they found the super-heaters negatively impacted the overall 
performance due to their extra power input. In addition, the system 
performance is also significantly affected by increasing the waste heat 
temperatures (e.g., temperature differential decreasing between the chip 
and the micro-evaporator and increasing of chip operating temperature. 
They found R245fa and R134a were the optimum mediums for the ORC 
working fluid and the server coolant, respectively. The repayment 
period was 4–8 years considering the variation of regional commercial 
electricity cost. 

Marshall and Duquette [90] tried to recover the waste heat from DC 
for electricity production via ORC system. They adopted a heat pump 
assisted ORC (HPA-ORC) and compared different low global warming 
potential working fluids (e.g., pentane, R161) for better thermodynamic 
performance and economic impact. Although the goal of their research 
was to better realize waste heat recovery for electricity generation, their 
research focuses on the impact of working fluid on the performance and 
economic benefits of the system. In addition, Araya et al. [88] proposed 
a lab scale prototype instead of modelling stage to reflect ORC-based 
WHR in a small DC with only two server racks at full workload of 20 
kW and used a hot water cycle to stand for the waste heat from the racks. 
They found that the small prototype can have a maximum thermal ef
ficiency of 3.33% and increasing the waste heat temperature by 20 ◦C 
(from 60 to 80) can increase 40% additional waste heat and increase the 
expander power output by 56.9%, which means the ORC can achieve 
significant heat recovery at ultra-low heat sources. The concluded that 
although there is low thermal efficiency, but its feasibility exists as the 
system absorbs the waste from DCs which reduces the total cooling 
demand and produce electricity for economic benefit back. 

Fig. 9. Schematic of an ORC system.  
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5.2. Power production by other technologies 

In addition, Kanbur et al. [92] used fuel cells based on polymer 
electrolyte membrane (PEM) to effectively achieve WHR in 
liquid-cooled DC, and the hybrid system is composed of two-phase liq
uid-immersion cooling system and PEM fuel cell. The highest electricity 
efficiency was around 15.8%, while the efficiency would increase up to 
9.16% in the case of different multi-generation. The proposed system 
can be considered as a combined heat and power (CHP) generation 
system. Combined cooling, heating and power (CCHP) and WHR sys
tems are considered as two effective methods for energy efficiency 
improvement in DCs. Wan et al. [93] proposed combining CCHP and 
WHR in DC energy system and two strategies for energy management 
(namely the electrical load one with WHR (FEL-WHR) and operating 
cost-aware one with WHR (OCM-WHR)). They found that the combined 
system generally can achieve operating cost saving and are more envi
ronmentally friendly. The increase of the power generation efficiency of 
the CCHP system will increase the WHR rate up to 8%, and FEL-WHR 
performed better, and was recommended due to the better sustainabil
ity concerning the comparable operating costs compared with the 
OCM-WHR. 

6. WHR for industrial/agricultural processes 

In addition to the above-mentioned cooling, heating and power ap
plications, DC waste heat can also be re-utilized in industrial/agricul
tural processes as direct heat form or converted to other forms of energy 
(e.g., electricity and mechanical energy), and there have been some 
preliminary attempts. 

6.1. WHRs in desalination process 

Elsaid et al. [94] claimed that waste heat utilization had been widely 
used in desalination causing great economic and environmental benefits 
(e.g., energy efficiency improvement, desalination cost saving, and 
lower greenhouse gases emissions). They found that wase heat can be 
used to drive desalination processes as direct heat form or elec
tricity/mechanical energy forms partially or fully after conversion [95], 
and then comprehensively reviewed and summarized the waste heat 
utilization for desalination including waste heat sources and types, 
different desalination processes, and the benefits. They also mentioned 
the possibility of utilizing waste heat from DCs for desalination. 

Indeed, waste heat from DCs can be used for desalination, and has 
been explored by some researchers. Fig. 10 shows the schematic of 
passive & active desalination technologies based on waste from DCs 

[96]. Kanbur et al. [97] proposed an improved cooling system, which 
adopted two-phase liquid-immersion and used waste heat from DCs for 
desalination, and they assessed its cooling performance by 
thermos-economical and thermos-dynamic multi-criteria (e.g., thermal 
and exergy efficiencies, capital and operation costs, the levelized prod
uct cost). Sondur et al. [96] proposed integrating the cooling system in 
DCs with low-temperature desalination process and applied an intelli
gent energy-aware control to improve energy efficiency. They tried to 
recover the waste heat dissipated by a modular DC with liquid-cooled 
rack heat exchangers and use this part of heat to drive a 
controlled-low-pressure desalination system for converting seawater to 
drinking water. The proposed system has no extra carbon cost for the 
desalination and can achieve significant carbon cost reduction for the 
DC operation. They also mentioned that for future DCs located near 
large bodies of brackish water, the proposed method could utilize the 
“free” waste heat of servers to optimally utilize low-cost cold seawater 
desalination to produce potable and irrigation water as by-products 
multivariate control scheme. 

6.2. WHRs for agricultural process 

Apart from industrial process, waste heat from DCs was also pro
posed to be utilized in agricultural process. Ljungqvist et al. [98] came 
up with the idea of combining the DC industry with agricultural pro
duction and investigated the feasibility of waste heat from DCs as heat 
sources for food greenhouse in Northern Sweden. They used IDA ICE 4.8 
to build up the energy model and computed the relationship between 
energy supply from DC waste heat and energy demand of greenhouse 
production. They concluded using waste heat from DCs for 
self-efficiency of greenhouse food production is feasible and achievable 
and could achieve energy cost savings. 

7. Discussions 

Data and information are flooded in all aspects of our lives, and the 
development of the society is inseparable from the data processing, 
transmission, exchanging and storage. As specific device network for 
global cooperation, data centers (DCs) are used for data transition, 
calculation, acceleration, display, and data and information storage on 
the internet network infrastructure. Thus, the safe and efficient opera
tion of DCs is the premise of ensuring the stability of the information 
society, and even everyday life. 

DCs annually consume lots of energy and have direct and indirect 
impacts on the energy shortage and environmental impacts (e.g., 
greenhouse effect and global warming). IT equipment and cooling 

Fig. 10. The schematic of passive (left) & active (right) desalination technologies based on waste from DCs [96].  
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systems altogether consume approximately 84% of total energy used in 
typical DCs, and they are almost half-and-half. Thus, air conditioning 
system not only ensures the safe operation of the DCs, but also greatly 
affects the energy consumption of the DCs. Ensuring safe and efficient 
operation of DCs can be achieved by improving the IT equipment in
efficiencies and enhancing the cooling system efficiency individually or 
simultaneously. Cooling system optimization should be the focus for 
HVAC researchers. 

Due to the characteristic of year-round uninterrupted operation, high 
heat flux density, high energy consumption in DCs, there are much waste 
heat from exhaust air, return water, and coolants, which should be 
eliminate or recovered, otherwise it will be directly discharged into the 
outdoor environment causing thermal pollution. Waste heat recovery 
(WHR) technology is considered as a promising method in DCs to 
improve the energy efficiency, achieve energy and energy cosy, mitigate 
environmental impacts (caused by both carbon emission and waste heat 
discharge). 

7.1. Waste heat sources 

The possible waste heat sources from DCs are the return warm water, 
return hot air, and condenser coolant from air-conditioning units, while 
the possible WHR forms are direct heating supply, district heating (DH) 
supplement, cooling or electricity productions, industrial/agricultural 
processes. The return how water temperatures in liquid cooling system 
are the highest (50–60 ◦C) among all waste heat sources in both air-or- 
liquid-side cooling system, which means the biggest WHR potentials. 
Then, the waste heat temperatures of condenser coolants (40–50 ◦C) 
come next in air-side or air-to-liquid cooling system, which is also rec
ommended for WHRs. In addition, the temperatures of return hot air in 
air-side system ranges from 25 to 47 ◦C, and the residual heat temper
atures is sometimes high, but it is not stable for recovery. Thus, when 
considering WHR based on return warm air in aid-side system, its 
temperature stability needs to be considered. 

7.2. Waste heat service objects 

The serving objects of recovered waste heat include DC itself, resi
dential buildings, office buildings, sports facilities, industry and agri
culture, etc. Up to now, most studies use waste heat for the energy needs 
of the residential and office buildings. This is because the scale of many 
DCs is not very large. Although the waste heat recovered from them is 
uninterrupted throughout the whole year, the waste heat per unit time is 
limited. Thus, the waste heat is matched to the heat demand of the 
nearby buildings or small communities (e.g., residential building, small- 
scale office buildings). 

7.3. Heat use form after WHRs 

There are many papers on DC WHRs, with the most research on using 
waste heat for surrounding building heating, followed by supplement for 
DH networks. And there are also some cases using waste heat for cooling 
production and supply, more than for power generation cases. The 
reasons for the difference in the research heat of different forms of waste 
heat are as follows. 

Recovered waste heat can be used for building heating system (e.g., 
space heating and domestic hot water) directly or after pre-heating 
(20–55 ◦C), while that for DH networks should always be preheated to 
45–55 ◦C to the standard level. During this period, only the temperature 
increases, and there is no change in the form of energy. However, as the 
waste heat need always be heated to 45–55 ◦C in DH networks, its 
application is more energy consumed and complex than that in direct 
heating supply. Thus, waste heat for direct heating supply is more 
suitable for research and practical application with much energy saving 
potentials. 

Apart from the waste heat for direct or indirect heating use, it can 

also be used for cooling production through different cooling devices (e. 
g., absorption chiller, adsorption chiller, evaporator cooling and CCHP 
system). However, waste heat-driven refrigeration process is accompa
nied by conversion of capacity form (e.g., the mutual conversion of 
thermal energy and mechanical energy). There is bound to be energy 
loss in the mutual conversion of high-grade and low-grade energy, and 
additional power is required to drive. The cooling load generated by the 
waste heat-driven cooling system can be reused for the cooling system of 
the DCs for better overall cooling effects, so it has also attracted some 
researchers to study. However, the waste heat utilization efficiency of 
heat-driven cooling system is undoubtedly lower than that of direct or 
indirect heat utilization system, and thus the value and number of 
studies on cooling system are relatively smaller than the heating system. 

Furthermore, compared with the previous waste heat utilization for 
heating and cooling system, that for power generation is fewer, but re
mains possibility and feasibility. Waste heat-driven power generation is 
always achieved by Organic Rankine Cycle (ORC), which experiences 
the multiple mutual transformation of thermal energy (low temperature 
and high temperature), mechanical energy, and electrical energy. Thus, 
compared with the waste heat-driven heating or cooling system, the 
energy form changes the most in the electricity production process, with 
the most heat loss and additional electric power demand. 

Last but not least, waste heat from DCs can be applicable for the 
industrial and agricultural processes, while the feasibility has been 
validated by some researchers. However, their application scope is 
worth considering, as only a few DCs may be built near the sea or the 
crops. Their findings may only apply to special cases, not general sce
narios. Thus, waste heat for industrial and agricultural processes is 
feasible, but cannot be wide-applicable and become research hotspot. 

7.4. Improving the waste heat efficiency 

Heat pumps (HPs) are recommended to be used increase the waste 
heat operational temperature and grade for different-level heat de
mands, especially for medium and high-temperature DH networks. In 
addition, thermal energy storage (TES) is also recommended to increase 
the energy flexibility, which can be divided into short-term (e.g., hot 
water tank) and long-term (e.g., borehole) energy storage to balance the 
short-term and seasonal mismatch between the heat supply and demand. 
Finally, the use of waste heat is recommended to meet the following 
rules.  

● Using the waste heat nearby,  
● Top priority for heating supply, then DH networks, and finally 

cooling and power generation,  
● Using HPs to increase both the heat temperature and grades,  
● Using TES for mismatch balance between demand and supply,  
● Using optimization methods (e.g., system management methods and 

multi-system optimization) and economic analysis to obtain the 
optimal WHR system. So far, the economic payback periods are 
relatively short, ranging from 2 to 8 years based on the size of DCs. 

8. Conclusions 

Waste heat recovery (WHR) technology is considered as a promising 
approach to improve energy efficiency, achieve energy and energy cost 
savings, and mitigate environmental impacts, whose feasibility and 
applicability has been studied and validated by many researchers. The 
uninterrupted operation of data centers (DCs) with high energy con
sumption and high heat flux density leads to the existence of huge waste 
heat, and if this part of waste heat is not eliminated or reused, it will be 
discharged into the outdoor environment to cause thermal pollution. 
Thus, recovering the waste heat from DCs seems very promising and 
worth investigating. In fact, the feasibility and reliability of WHR in DCs 
has been widely validated, and the system is continuously optimized for 
better operation and energy, environmental and economic 
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sustainability. This article conducts a comprehensive review on recov
ering waste heat from all kinds of sources (e.g., exhaust air, circulating 
water, and coolants) in DCs for various energy uses (e.g., heating supply, 
district heating supplement, cooling and electricity productions, and 
industrial/agricultural processes) and different application scenarios (e. 
g., office buildings, comprehensive energy community and residential 
buildings, sports facilities). 

The broad findings and recommendations are as follows.  

1. DC waste heat-driven system for heating supply, district heating 
(DH) networks, cooling and power generation, and others have been 
proven feasible and applicable in terms of their technical, energy, 
exergy, environmental and economic (4 E) analysis.  

2. The most efficient ways of reusing waste heat in DCs are for the 
heating supply in nearby buildings directly of after pre-heating, and 
for supplementing DH networks.  

3. The heating system (including DH network supplement) can be 
further optimized and recommended by using heat pumps for the 
heat temperature and grade upgrading, and by adopting the thermal 
energy storage systems for better energy flexibility (balancing 
mismatch between heat supply and demand).  

4. Waste heat for other purposes (e.g., cooling and power production) is 
also feasible, but requires conversion of energy form (e.g., conver
sion between thermal energy, mechanical energy, and electrical 
energy) causing energy loss and additional power input. Thus, their 
technical, 4 E performances should be taken into consideration 
before applications.  

5. Waste heat used in industry (especially desalination) and agriculture 
process should be adapted to local conditions consider the location of 
most DCs.  

6. The system optimization methods based on the existing waste heat 
recovery system should be the focus of future research, and the 
combination with other energy-efficient systems (e.g., combined 
cooling, heating and power system, low-temperature energy com
munity) should also be considered in the future. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

This study was by ICA – ICT for Climate Actions project from 
Academy of Finland (Grant No. 342123). 

References 

[1] TC 9.9 ASHRAE. Thermal guidelines for data processing environments-expanded 
data center classes and usage guidance. Whitepaper prepared by ASHRAE technical 
committee (TC); 2011. 

[2] Yuan X, Xu X, Wang Y, Liu J, Kosonen R, Cai H. Design and validation of an airflow 
management system in data center with tilted server placement. Appl Therm Eng 
2020;164. https://doi.org/10.1016/j.applthermaleng.2019.114444. 

[3] Durand-Estebe B, le Bot C, Mancos JN, Arquis E. Simulation of a temperature 
adaptive control strategy for an IWSE economizer in a data center. Appl Energy 
2014;134:45–56. https://doi.org/10.1016/j.apenergy.2014.07.072. 

[4] Huang P, et al. “A review of data centers as prosumers in district energy systems: 
renewable energy integration and waste heat reuse for district heating,”. Jan. 15. 
Applied energy, vol. 258. Elsevier Ltd; 2020. https://doi.org/10.1016/j. 
apenergy.2019.114109. 

[5] Andrae A, Edler T. On global electricity usage of communication technology: 
trends to 2030. Challenges 2015;6(1):117–57. https://doi.org/10.3390/ 
challe6010117. 

[6] Belkhir L, Elmeligi A. Assessing ICT global emissions footprint: trends to 2040 & 
recommendations. J Clean Prod 2018;177:448–63. https://doi.org/10.1016/j. 
jclepro.2017.12.239. 

[7] Yuan X, Zhou X, Liu J, Wang Y, Kosonen R, Xu X. Experimental and numerical 
investigation of an airflow management system in data center with lower-side 
terminal baffles for servers. Build Environ 2019;155:308–19. https://doi.org/ 
10.1016/j.buildenv.2019.03.039. 

[8] ASHRAE. Thermal guideline for liquid cooled data processing environments. White 
paper prepared by ASHRAE Technical Committee (TC) 2015;9(9). 

[9] Yuan X, Xu X, Liu J, Pan Y, Kosonen R, Gao Y. Improvement in airflow and 
temperature distribution with an in-rack UFAD system at a high-density data 
center. Build Environ 2020;168. https://doi.org/10.1016/j.buildenv.2019.106495. 

[10] Almoli A, Thompson A, Kapur N, Summers J, Thompson H, Hannah G. 
Computational fluid dynamic investigation of liquid rack cooling in data centres. 
Appl Energy 2012;89(1):150–5. https://doi.org/10.1016/j.apenergy.2011.02.003. 

[11] IBM Global Technology Services. IBM Global Technology Services Thought 
leadership white paper the next-generation data center. United States of America; 
2016. Accessed: Sep. 11, 2022. 

[12] Yuan X, Wang Y, Liu J, Xu X, Yuan X. Experimental and numerical study of airflow 
distribution optimisation in high-density data centre with flexible baffles. Build 
Environ 2018;140:128–39. https://doi.org/10.1016/j.buildenv.2018.05.043. 

[13] Yuan X, Liang Y, Pan Y, Kosonen R, Wang Y. Airflow management and energy 
saving potentials at a high-density data center with stepped-like server placement. 
Int J Green Energy 2021. https://doi.org/10.1080/15435075.2021.2016415. 

[14] Yuan X, et al. Phase change cooling in data centers: a review. Energy and Buildings, 
vol. 236. Elsevier Ltd; 2021. https://doi.org/10.1016/j.enbuild.2021.110764. 

[15] Yuan X, Zhou X, Liang Y, Pan Y, Kosonen R, Lin Z. Design and thermal environment 
analysis of a decentralized cooling system with surface-mount heat pipe 
exchangers on servers in data centers. Buildings 2022;12(7):1015. https://doi.org/ 
10.3390/buildings12071015. 

[16] Lin X, Zuo L, Yin L, Su W, Ou S. An idea to efficiently recover the waste heat of Data 
Centers by constructing an integrated system with carbon dioxide heat pump, 
mechanical subcooling cycle and lithium bromide-water absorption refrigeration 
cycle. Energy Convers Manag 2022;256:115398. https://doi.org/10.1016/j. 
enconman.2022.115398. 

[17] Pärssinen M, Wahlroos M, Manner J, Syri S. Waste heat from data centers: an 
investment analysis. Sustain Cities Soc 2019;44:428–44. https://doi.org/10.1016/ 
j.scs.2018.10.023. 

[18] Wahlroos M, Pärssinen M, Rinne S, Syri S, Manner J. Future views on waste heat 
utilization – case of data centers in Northern Europe. Renew Sustain Energy Rev 
2018;82:1749–64. https://doi.org/10.1016/j.rser.2017.10.058. 

[19] Manu S, Chandrashekar TK. On-chip waste heat-driven absorption cooling system 
for sustainable data center environment: simulation. Int J Sustain Eng 2018;11(4): 
224–39. https://doi.org/10.1080/19397038.2017.1390006. 

[20] Yuan X, et al. System modelling and optimization of a low temperature local hybrid 
energy system based on solar energy for a residential district. Energy Convers 
Manag 2022;267. https://doi.org/10.1016/j.enconman.2022.115918. 

[21] García-Anteportalatina VM, Martín M. Process synthesis for the valorisation of low- 
grade heat: geothermal brines and industrial waste streams. Renew Energy 2022; 
198:733–48. https://doi.org/10.1016/j.renene.2022.08.064. 

[22] Peng Y, et al. Waste heat recycling of high-power lighting through chips on 
thermoelectric generator. Energy Convers Manag 2021;243. https://doi.org/ 
10.1016/j.enconman.2021.114329. 

[23] Marini D, Buswell RA, Hopfe CJ. Development of a dynamic analytical model for 
estimating waste heat from domestic hot water systems. Energy Build 2021;247. 
https://doi.org/10.1016/j.enbuild.2021.111119. 

[24] Deymi-Dashtebayaz M, Valipour-Namanlo S. Thermoeconomic and environmental 
feasibility of waste heat recovery of a data center using air source heat pump. 
J Clean Prod 2019;219:117–26. https://doi.org/10.1016/j.jclepro.2019.02.061. 

[25] Ebrahimi K, Jones GF, Fleischer AS. The viability of ultra low temperature waste 
heat recovery using organic Rankine cycle in dual loop data center applications. 
Appl Therm Eng 2017;126:393–406. https://doi.org/10.1016/j. 
applthermaleng.2017.07.001. 

[26] Chen X, Pan M, Li X, Zhang K. Multi-mode operation and thermo-economic 
analyses of combined cooling and power systems for recovering waste heat from 
data centers. Energy Convers Manag 2022;266. https://doi.org/10.1016/j. 
enconman.2022.115820. 

[27] Davies GF, Maidment GG, Tozer RM. Using data centres for combined heating and 
cooling: an investigation for London. Appl Therm Eng 2016;94:296–304. https:// 
doi.org/10.1016/j.applthermaleng.2015.09.111. 

[28] Srikhirin P, Aphornratana S, Chungpaibulpatana S. A review of absorption 
refrigeration technologies. 2001 [Online]. Available: www.elsevier.com/lo 
cate/rser. 

[29] DOE. Waste heat recovery: technology and opportunities in U.S. Industry. 2008 
[Online]. Available: https://www1.eere.energy.gov/manufacturing/ 
intensiveprocesses/pdfs/waste{_}heat_recovery.pdf. 

[30] Pan QW, Wang RZ, Wang LW, Liu D. Design and experimental study of a silica gel- 
water adsorption chiller with modular adsorbers. Int J Refrig 2016;67:336–44. 
https://doi.org/10.1016/j.ijrefrig.2016.03.001. 

[31] Ebrahimi K, Jones GF, Fleischer AS. A review of data center cooling technology, 
operating conditions and the corresponding low-grade waste heat recovery 
opportunities. Renewable and sustainable energy reviews, vol. 31. Elsevier Ltd; 
2014. p. 622–38. https://doi.org/10.1016/j.rser.2013.12.007. 

[32] Sharma R, Christian T, Arlitt M, Bash C, Patel C. Design of farm waste-driven 
supply side infrastructure for data centers. 2010 [Online]. Available: http://asmed 

X. Yuan et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1364-0321(23)00634-2/sref1
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref1
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref1
https://doi.org/10.1016/j.applthermaleng.2019.114444
https://doi.org/10.1016/j.apenergy.2014.07.072
https://doi.org/10.1016/j.apenergy.2019.114109
https://doi.org/10.1016/j.apenergy.2019.114109
https://doi.org/10.3390/challe6010117
https://doi.org/10.3390/challe6010117
https://doi.org/10.1016/j.jclepro.2017.12.239
https://doi.org/10.1016/j.jclepro.2017.12.239
https://doi.org/10.1016/j.buildenv.2019.03.039
https://doi.org/10.1016/j.buildenv.2019.03.039
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref8
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref8
https://doi.org/10.1016/j.buildenv.2019.106495
https://doi.org/10.1016/j.apenergy.2011.02.003
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref11
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref11
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref11
https://doi.org/10.1016/j.buildenv.2018.05.043
https://doi.org/10.1080/15435075.2021.2016415
https://doi.org/10.1016/j.enbuild.2021.110764
https://doi.org/10.3390/buildings12071015
https://doi.org/10.3390/buildings12071015
https://doi.org/10.1016/j.enconman.2022.115398
https://doi.org/10.1016/j.enconman.2022.115398
https://doi.org/10.1016/j.scs.2018.10.023
https://doi.org/10.1016/j.scs.2018.10.023
https://doi.org/10.1016/j.rser.2017.10.058
https://doi.org/10.1080/19397038.2017.1390006
https://doi.org/10.1016/j.enconman.2022.115918
https://doi.org/10.1016/j.renene.2022.08.064
https://doi.org/10.1016/j.enconman.2021.114329
https://doi.org/10.1016/j.enconman.2021.114329
https://doi.org/10.1016/j.enbuild.2021.111119
https://doi.org/10.1016/j.jclepro.2019.02.061
https://doi.org/10.1016/j.applthermaleng.2017.07.001
https://doi.org/10.1016/j.applthermaleng.2017.07.001
https://doi.org/10.1016/j.enconman.2022.115820
https://doi.org/10.1016/j.enconman.2022.115820
https://doi.org/10.1016/j.applthermaleng.2015.09.111
https://doi.org/10.1016/j.applthermaleng.2015.09.111
http://www.elsevier.com/locate/rser
http://www.elsevier.com/locate/rser
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref29
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref29
http://refhub.elsevier.com/S1364-0321(23)00634-2/sref29
https://doi.org/10.1016/j.ijrefrig.2016.03.001
https://doi.org/10.1016/j.rser.2013.12.007
http://asmedigitalcollection.asme.org/ES/proceedings-pdf/ES2010/43949/523/2689068/523_1.pdf


Renewable and Sustainable Energy Reviews 188 (2023) 113777

16

igitalcollection.asme.org/ES/proceedings-pdf/ES2010/43949/523/2689068/52 
3_1.pdf. 

[33] Saidur R, Elcevvadi ET, Mekhilef S, Safari A, Mohammed HA. An overview of 
different distillation methods for small scale applications. Renew Sustain Energy 
Rev 2011;15(9):4756–64. https://doi.org/10.1016/j.rser.2011.07.077. 

[34] Luo Y, Andresen J, Clarke H, Rajendra M, Maroto-Valer M. A framework for waste 
heat energy recovery within data centre. Energy Proc 2019;158:3788–94. https:// 
doi.org/10.1016/j.egypro.2019.01.875. 
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