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Abstract

As an important part of the new infrastructure, the cloud data center is developing
rapidly, and its energy consumption problem is becoming more and more promi-
nent. Therefore, research on energy-saving technologies for cloud data centers has
attracted widespread attention from academia and industry. Some studies have
reviewed energy-saving optimization methods and technologies for data centers, but
recently, many state-of-the-art optimization methods of energy consumption and
energy-saving technologies have sprung out, which are still worth analyzing and dis-
cussing. Depending on the in-depth investigation and analysis of related research
status, this article firstly focuses on analyzing and discussing the energy-saving
technologies of the two components: IT equipment and cooling systems, both of
which bring about the largest energy consumption in cloud data centers. As for IT
equipment, its energy-saving technologies mainly include the energy saving of serv-
ers, storage systems, and network systems. While as for cooling systems, airflow
organization in the computer room, thermal-aware scheduling technology, and other
new energy-saving technologies are involved. Secondly, on the basis of analyzing
the energy-saving technologies of the two major components, a new optimization
scheme of energy consumption for the jointing computing system and cooling sys-
tem is explained. Throughout this work, various energy-saving strategies and tech-
nologies have been described and compared. Finally, the future trends and devel-
opment directions of energy saving for data centers are further promoted, such as
integral optimization of energy consumption jointing multiple components, energy
saving using artificial intelligence methods, energy saving based on novel hardware
equipment, hybrid cooling energy saving, and comprehensive energy conservation
with various energy technologies.
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1 Introduction

In recent years, cloud computing, big data, Internet of Things (IoT), and other tech-
nologies have developed rapidly. Cloud computing realizes the on-demand deploy-
ment of resources through virtualization technology. Cloud users can quickly allo-
cate computing power and resources according to their needs at any time without
worrying about the underlying physical structure. The cloud computing platform
provides information resources in a pay-as-you-go model. Cloud computing busi-
ness has exploded in recent years. As the physical platform and infrastructure of
cloud computing, the amount of data and business carried by the data center are also
increasing day by day. IDC predicted that from 2018 to 2025, the amount of data
stored by enterprises will increase by 61% to 175ZB, most of which will be stored
in data centers [1]. The growth of massive data is accompanied by the energy con-
sumption of data centers. According to a report, the energy usage of the world’s data
centers has doubled in the past ten years and will increase three or even four times in
the next ten years [2]. The huge energy consumption generated by data centers has
brought some problems to the society. On the one hand, it brings more energy con-
sumption expense to data center operators, thus increasing the cost. The study has
shown that the power consumption of data centers in 2017 accounted for about 2%
of the total energy consumption, and it is predicted to reach 5% by 2024 [3]. On the
other hand, the large amount of energy consumption generated by data centers has
brought heavy environmental pressure to the whole society. The burning of fossil
fuels has led to a sharp increase in carbon emissions, which are still the main source
of electricity. According to statistics, the average construction cost of building a
100 MW power station is between $60 million and $100 million, and co, emissions
are at least 50 million tons over the life cycle [4]. In this case, it is necessary to seek
efficient energy-saving methods to enable the data center to reduce energy consump-
tion while satisfying high-performance computing.

The energy consumption of a cloud data center depends on many aspects. As
shown in Fig. 1 [5], it mainly includes the following parts: IT equipment, cooling
systems and other infrastructures. Among them, IT equipment includes servers,
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Fig. 1 Data center energy consumption composition
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the network system, the storage system, etc.; the cooling systems include computer
room air conditioner (CRAC), compressors, fans, etc.; other infrastructure facilities
include power supply systems, lighting systems, etc. In the total energy consumption
of the data center, the energy consumption of IT equipment is the largest, account-
ing for about half of the total energy consumption of the entire data center, of which
the energy consumption of the server accounts for 40%, the memory system and net-
work system both consume about 5%. In the past few years, the energy consumption
of cooling systems has gradually approached or even exceeded the energy consump-
tion of IT equipment [5]. Therefore, the energy saving of the data center focuses on
the energy saving of IT equipment and cooling systems. The PUE is currently an
energy efficiency index of data centers which is widely recognized by the industry.
PUE=total energy consumption/IT equipment energy consumption. The value is
greater than 1, and the closer it is to 1, the less energy consumption of non-IT equip-
ment, that is, the higher the energy efficiency.

In order to deal with the problems of high energy consumption and low energy
efficiency in data centers, researchers have explored efficient energy-saving solutions.
Energy-saving strategies can help reduce the huge energy consumption of data centers,
which can reduce costs and are also conducive to environmental protection. Due to the
extremely complex environment of the data center, the energy management of the data
center has also become complicated. The energy consumption optimization strategy of
the data center can start from various aspects. A variety of energy-saving methods and
technologies have emerged so far, some of which are aimed at physical devices, and
some used virtual machine (VM) technology to save energy. Although there have been
a lot of studies that have reviewed the energy-saving methods of data centers from dif-
ferent aspects, there is still a lack of comprehensive investigation. To our knowledge,
most of the relevant surveys focus on the power consumption of a single component.
On the one side, some papers have studied the energy optimization technology of com-
puting systems [6-9], but they have not considered the energy consumption of the cool-
ing system and other systems. On the other side, some surveys have tried to reduce
energy consumption through thermal management of data centers [10—13]. These
works focus on the cooling energy consumption of data centers. They did not consider
the energy consumption of IT equipment. In addition, some works tried to explain the
energy consumption of the data center in a special way. Mastelic T et al. [14] provided
a overview of data center ICT equipment with regards to energy efficiency. Malla S
et al. [15] did a survey on power management techniques for oversubscription of multi-
tenant data centers. Since there are many sources of energy consumption in data cent-
ers, in recent years, researchers have explored the energy consumption optimization of
multiple components. They modeled the total energy consumption of the data center as
a constraint problem or other mathematical problems and designed different algorithms
to get the global optimum solution. Zhang et al. [16] investigated and summarized the
joint optimization work of the data center. They envisioned that the learning-based
approach can be a promising framework for the joint ICT and cooling management in
the data center, from data profiling, learning, optimization to execution. In this regard,
some heuristic intelligent algorithms are often used to solve joint scheduling problems.
In recent years, intelligent optimization algorithms have made contributions to solving
the optimal combination problem. For example, simulated annealing algorithm (SA)
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in [82], CRUZE algorithm based on Cuckoo algorithm in [83]. The energy consump-
tion problem of data centers can be approximated as an optimization problem with
constraints. Therefore, in the future, intelligent optimization algorithms can be used to
solve the joint energy consumption optimization problem of data centers.

Unlike the above, this survey paper gives an overview of energy-saving strategy in
data centers. We classify the energy-saving strategies into two aspects: the energy opti-
mization methods of IT equipment and energy optimization methods of cooling sys-
tems (many of which are the most cutting-edge). Then we investigate the optimization
methods of these two aspects to optimize the energy efficiency of the data center. On
this basis, we review the latest joint optimization methods. Our innovation mainly lies
in the perspective on topic selection. From the perspective of system components, we
cover a wide range of the latest solutions and absorb the latest research results in this
field. It is believed the survey can be helpful for further research on the energy conser-
vation of cloud data centers in the future.

The main contributions of this survey are shown as follows:

(1) The energy-saving technologies of cloud data centers have been comprehensively
introduced. From the perspective of system components, we discuss the existing
energy-saving solutions for computing systems and cooling systems.

(2) We classify and summarize the energy-saving technologies of the two most
important components in the cloud data center. Especially for the energy saving
of the cooling system, this survey has discussed new technologies and methods
that can reduce economic benefits as well as saving energy and environmental
protection.

(3) By introducing the existing energy-saving technologies based on the comput-
ing system and cooling system, an energy-saving plan for jointly optimizing IT
equipment and cooling equipment is obtained, and the existing research progress
of joint energy-consuming optimization is discussed. Through the analysis and
summary of existing research, we discuss the future directions of cloud data
center energy saving at the end.

The rest of this paper is organized as follows. In Sect. 2, we focus on research on
energy conservation of IT equipment in data centers. Section 3 summarizes and dis-
cusses the energy optimization research of cooling systems. The optimization study
of the joint the computing system and cooling system is given in Sect. 4, followed by
Sect. 5, which discusses the future research directions and prospects. Finally, we con-
clude the paper in Sect. 6. The organizational structure of our work is shown in Fig. 2.

2 Energy saving for IT equipment
2.1 Energy consumption optimization methods for servers
The data center is a strategic resource as important as human resources and natu-

ral resources that calculates and stores a large amount of data on the network. It is
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Fig.2 Overview of energy-saving technologies for cloud data centers

a large-scale infrastructure with hundreds or even thousands of IT servers running
around the clock. The servers are the core component of data centers which han-
dle all computing services on the Internet, making it inevitable to generate energy
consumption. However, unnecessary energy loss can be reduced through appropriate
technical means. For server energy-saving technologies, academia and industry have
conducted in-depth research. These technologies can be roughly divided into three
aspects: dynamic voltage and frequency scaling (DVFES) technology, shutting down
idle servers, and using virtualization technology.

2.1.1 DVFS

DVEFS technology dynamically adjusts the operating frequency and voltage of CPU
according to the application’s requirements for different computing capabilities to
reduce energy consumption. It realizes energy saving according to the relationship
between the energy consumption of CMOS circuit and the square of voltage and fre-
quency. DVFS is currently an optimization technology commonly used in industry
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and academia. In large computing scenarios, such as cluster computing in data cent-
ers, DVFS technology has been applied to reduce power consumption and save large
amounts of expenses for enterprises.

Kyong et al. [17] used DVFS technology to propose three data center energy-
saving solutions, namely Lowest-DVFS, §-Advanced-DVFS and Adaptive-DVFS.
Lowest-DVFES adjusts the processor speed to the lowest speed required by the task,
which means that the VM executes the task at the minimum speed required. This
solution has the lowest energy consumption but reduces the performance of the data
center to a certain extent. In order to overcome this defect, the authors proposed
an improved Lowest-DVFS called d-Advanced-DVFS, which increases the execu-
tion speed by 6%, and can adjust the processor scale. The Adaptive-DVFS solution
obtains the optimal scale according to the service request arrival rate and service
time and adjusts the CPU parameters according to the load situation. Among these
three schemes, Lowest-DVEFS has the best effect in reducing energy consumption,
but it does not meet Quality of Service (QoS). The Adaptive-DVFS scheme has
good adaptability and can effectively reduce the level of energy consumption.

Some studies have studied task scheduling algorithms based on DVFS technol-
ogy, which improve system resource utilization by adjusting calculation frequency
and performing reasonable scheduling. The scheduling algorithm designed in [18]
considered the frequency of maximum task F,,,. and minimum task F,;,, as well
as multiple server Si running at maximum Si F,,,, and minimum Si F,,;, frequen-
cies. For a specific task, the scheduling algorithm effectively allocates an appropri-
ate server for the job according to the requirements of the task frequency. Gu et al.
[19] studied a data center management and a request scheduling algorithm based
on DVFS, which uses the joint optimization of task deployment and frequency
adjustment to minimize power costs. The authors also considered the geographi-
cal distribution of different data centers and the difference in electricity prices. This
algorithm tries to activate as many servers in areas with low electricity prices as
possible, and shuts down servers in areas with high electricity prices. Tang et al.
[20] proposed an energy-efficient workflow task scheduling algorithm (DEWTS)
based on DVFS. By recycling the slack time to merge relatively inefficient proces-
sors, the DEWTS algorithm can use DVFS technology to allocate parallel applica-
tions in the workflow to the appropriate processors within a given deadline, so as to
meet the performance and reduce energy consumption at the same time.

Unlike the previous offline scheduler, Ge et al. [21] described an online scheduler
named CPU MISER based on DVFS technology. Figure 3 shows the system func-
tion implementation of CPU MISER, which is a DVFS online scheduler for multi-
core or power-aware based on symmetric multiprocessing. In CPU MISER, there are
three important roles, namely performance monitor, workload predictor and DVFS
scheduler. The performance monitor uses hardware counters to periodically collect
performance events during each interval. The workload predictor predicts the next
time workload by calculating the data obtained by the performance detector, and
then the DVFES scheduler decides the target frequency of each processor and per-
forms scheduling based on the load prediction.

In order to derive a general method to design an automatic, system-wide DVFS
scheduler, the authors described the DVFS scheduling problem as: given an
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Fig.3 The implementation of CPU MISER

energy-aware system and a workload W, schedule a sequence of CPU frequencies
over time that is guaranteed to finish computing the workload within a time dura-
tion (1 + 6 *) - T and minimize the total energy. Where 6 * is the user-specified
performance loss constraint, and 7 is the execution time when the system runs
continuously at the highest frequency f,,,.. The authors modeled this problem,
which captured the correlation between workload, frequency, and performance
loss due to frequency scaling. In this performance model, the standardized per-
formance loss function is defined as follows:

! —t
t

6(f) = M
where ¢’ is the time required to complete the same workload when the system is run-
ning at a lower frequency f, and 7 is the running time of the system. They are calcu-
lated as follows:

CpPl,,
t=a-w,,- 7 + Wem * tnem + 1O + 10 )
max
/ CPIOn
r=a-w,,:- 7 + Woom T+ tyem + HO + 10 3)

here, w,, is the number of on-chip memory (including register and on-chip cache)
accesses, and CPU,, is the average cycles per on-chip access, w,,,, and t,,,, are,
respectively, defined as the number of main memory accesses and the main mem-
ory access time, f;, is the IO access time,, is the time when the system is idle.
Since on-chip access is often overlapped with off-chip access on modern computer
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architecture, the authors introduced an overlapping factora (0 <a<1) into (2). Sub-
stituting formula (2) and (3) into formula (1) we can see:

. CPIml) . l _fmax _f
Jinax tf

Equation (4) indicates that performance loss is determined by both the processor
frequency and workload characteristics. The workload characteristics is defined as:

k < CPIon > 1 (5)
— a . W()n . - o—_—
fmax t

k is considered as an index of CPU intensiveness. When k£ = 1, it means that the
CPU load and the system are computationally intensive. When k = 0, the system is
either idle or memory and IO load.

The above studies are based on DVFS technology to achieve energy saving in data
centers, which proved that DVFS technology is an effective method to reduce server
energy consumption, but these studies have not taken into account the communica-
tion overhead and memory consumption in the actual heterogeneous environment.

o(f) = ((X *Won “4)

2.1.2 Shutting down idle servers

Shutting down idle servers refers to assigning tasks to as few servers as possible and
turning off low-load servers to reduce energy consumption. It is reported that the
server will still generate a lot of energy consumption under low load or even idle
conditions [22]. Therefore, shutting down idle or low-load servers can effectively
reduce data center energy consumption, especially when the data center load is pre-
dicted. But frequent opening and closing operations of servers will reduce the per-
formance of the server. It is important to consider the balance of system availability
and energy consumption when shutting down idle servers.

There are many studies on shutting down idle servers. Due to the characteristics
of real-time changes in application load, directly shutting down low-load servers is
less efficient. For this reason, many studies used artificial intelligence methods to
predict future workload demands and operate low-load servers on this basis. Berral
et al. [23] used machine learning (ML) to predict the power consumption level after
load migration. The authors changed the schedule based on the predicted results to
achieve smarter and more effective scheduling. This method can effectively reduce
the energy consumption of the data center. However, the authors did not consider the
time cost and energy cost caused by the migration workload. Similarly, Duy et al.
[24] used neural network (NN) to predict the future load of servers, and designed a
green scheduling algorithm based on the predicted results. The algorithm shut down
unused servers and minimized the number of running servers, it could reduce energy
consumption by about 46.7%.

Different from [23, 24], Beloglazov et al. [25] designed an overall optimization
framework. The system is mainly divided into four main functional modules: (1)
consumption/agent; (2) green service distributor: acting as the interface between
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cloud infrastructure and users, interacting with energy-saving schedulers, service
analyzers, energy monitors, service schedulers, VM managers and other compo-
nents to achieve energy-saving scheduling; (3) VM: the virtual resource of the cloud
service. By dynamically migrating virtual machines (VMs) to physical machines
(PMs), users can consolidate workloads, switch unused resources to low-power
mode, and shut down VMs running at low-performance levels to save energy con-
sumption; (4) physical machines: hardware infrastructure for computing. In addition,
the authors also proposed an energy-aware allocation heuristic method for reason-
able scheduling of VMs. According to the proposed energy consumption model, the
scheduling algorithm was used to obtain the VM allocation method with the least
energy consumption. The simulation results show that compared with static resource
allocation technology, this method can significantly reduce the energy consumption
of cloud data centers.

Meisner et al. [26] discussed a method to reduce server idle power consumption
by quickly switching ultra-low power consumption states, called PowerNap. In order
to improve the energy efficiency of the processor during sleeping and minimize
the transition time of entering and exiting the sleeping state, the authors designed
the entire system based on PowerNap. The whole system quickly transits between
high load state and idle state. Since the power supply efficiency of current serv-
ers decreases as server utilization decreases, PowerNap operated in areas where
the power supply efficiency of current blade server centers was low. To solve this
problem, the authors introduced a redundant array (RAILS) to realize cheap load
sharing. This power supply method can provide high conversion efficiency within
the entire power demand range of PowerNap. The overall concept of the system is
shown in Fig. 4 below.

Figure 4 illustrates the concept of PowerNap. Whenever the server completes all
work, it transits to the Nap state. In this state, the power consumption is very low,
and the system components do not perform any processing. When a new job arrives,
the system will wake up and switch back to the active state. When the work is com-
pleted again, the system returns to the Nap state. The authors used utilization track-
ing collected from commercial deployments, and experiments show that PowerNap
and RAILS can reduce energy consumption of servers by about 74% in total.

2.1.3 Using virtualization technology

As mentioned earlier, the extremely high energy consumption and low resource uti-
lization pose challenges to the operation of the data center. In view of this situation,
by using virtualization technology, the tasks of multiple servers can be integrated
into fewer VM server, thereby shutting down the idle machines to reduce energy
consumption. Virtualization technology uses the four functions of the virtualiza-
tion platform: A physical machine (PM) can support multiple running VMs, each
VM can be dynamically started and shut down, the resources of the VM can be
dynamically adjusted and allocated, the last is that the VM can support dynamic
migration [27]. These virtualization functions provide a huge optimized space for
cloud computing resource scheduling. Existing research in this direction focuses on
two aspects: the initial placement of VMs and the dynamic migration of VMs. The
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Fig.4 The concept and principle of PowerNap

initial placement of VMs refers to the allocation of VMs to physical machines when
the data center is just started and there is no load. The dynamic migration of VMs
can achieve load balancing and VM integration.

In this paper, we divide the current solutions to the VM placement problem into
three types: constraint specification, the bin-packing problem, and random integer
programming. Constraint specification method is a programming method to solve
the problem of complex VM optimization configuration combination. It solves the
feasible solution of the problem by defining a set of constraints. Zhang et al. [28]
designed a cloud resource allocation model according to constraint specifications,
which can meet the requirements of service quality and reduce the costs of resource
usage. Dong et al. [29] used the constraints of network link capacity and physical
machine size to schedule VMs through a two-stage virtual machine scheduling algo-
rithm. At first, the bin-packing best-fit heuristic algorithm and the minimum cut
hierarchical clustering algorithm are combined to locate the VM, which minimizes
the number of active physical machines, and then through the maximum link utili-
zation optimization to further avoid network congestion. The bin-packing problem
means modeling the VM placement problem as a boxing problem. It is described
as: There are many boxes, each box has a capacity of V, there are N items, and the
volume of each item is C. The purpose is to pack all items into the box to make the
number of boxes is minimized. The VM placement problem is modeled as a boxing
problem, means that each item is regarded as a VM, which is tightly packaged in a
minimum number of boxes, and each box is regarded as a physical machine. Song
et al. [30] presented a dynamic resource allocation algorithm based on binning to
optimize the number of running servers. The authors designed an easy online pack-
ing algorithm named Variable Item Size Packing (VISBP). The core of VISBP is to
change the load size of the VM at runtime. Although VISBP has advantages in load
balancing and hot spot detection, it violates the Service Level Agreement (SLA) to a
certain extent. Random integer programming is used to study decision-making prob-
lems with uncertainty. It uses the estimation model of probability distribution with
relevant data to obtain the optimal expected solution of the problem according to the
mathematical model. Here, the future needs of VMs or applications are unknown.
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Therefore, some VM placement technologies use this method to predict the appro-
priate physical machine. Chen et al. [31] assigned VMs to PMs and proposed a new
VM placement method. By associating the dynamic load of the VM with the fixed
demand, the stochastic optimization problem is simplified. This method determines
the resource demand of a VM through the principle of statistical multiplexing.
The principle estimates the resource demand of the VM as the sum of the inherent
demand and the related demand. On this basis, the authors designed a VM place-
ment algorithm. Evaluations driven by real data center’s load tracking show that this
method saves 10% to 23% of energy compared to previous integration methods.

The dynamic migration of VMs can achieve load balancing and reduce the
appearance of hot spots. A survey in [32] analyzed the existing load balancing
scheduling algorithm and comprehensively summarized the virtual machine sched-
uling technology of cloud data centers. This dynamic migration can be implemented
in combination with DVES technology. For example, Ding et al. [33] designed an
energy optimization algorithm called EEVS, which used DVFS technology to sched-
ule VMs with a given deadline. However, frequent migration of VMs would cause
degradation of system performance. For this reason, the migration of VMs should
be minimized while ensuring energy consumption and satisfying QoS. In addition,
too much physical machine load leads to poor service quality, so a prediction-based
mechanism is needed to solve this problem. Methods such as ML and NN have
played an important role here. Barthwal et al. [34] decided to use regression model
to predict CPU utilization. Based on the predicted value, the virtual machine with
the shortest migration time was selected for migration, and the physical machine
with the least predicted CPU utilization was selected to host the migrated VM. Kho-
shkholghi et al. [35] developed an adaptive energy-saving technology to manage
VMs. They developed an algorithm that uses iterative weighted linear regression to
detect overloaded and underutilized physical machines. Shaw et al. [36] proposed a
virtual machine-physical machine mapping mechanism using reinforcement learning
(RL) method. Their method enables the optimal allocation of VMs and significantly
improves energy efficiency. Liu et al. [37] designed a dynamic integration method
(EQVC) to improve energy efficiency and service quality and migrate redundant
VMs. They used an autoregressive integrated moving average model (ARIMA) to
predict the utilization of overloaded hosts. Besides, modeling can also be used to
optimize the energy consumption of the data center. The Google data center received
sensor data and input the data into the deep NN to predict how different choices will
affect future energy consumption so that the system can take effective measures to
reduce energy consumption and reduce the PUE value in time [38].

In recent years, meta-heuristics and heuristic algorithms have been used to solve
large-scale scheduling problems in cloud data centers [39—41]. In order to ensure
the reasonable scheduling of VMs, Ragmani et al. [42] proposed a fuzzy ant colony
optimization algorithm (FACO). The function of the fuzzy module is to evaluate
historical information to calculate the pheromone value so as to select the appropri-
ate server while ensuring the best calculation time. Similarly, Kruekaew et al. [43]
proposed an artificial bee colony heuristic task scheduling algorithm (HABC). The
HABC algorithm combines artificial bee colony algorithm with heuristic schedul-
ing algorithm for scheduling. The authors compared the method with other heuristic
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algorithms (including ACO algorithm, PSO algorithm), experiments results prove
that HABC provides the best performance in scheduling and load balancing. Vila
et al. [44] discussed a BLEMO (Blacklist Evolution Multi-Objective) method based
on the GA to schedule resources on laas cloud resources to minimize the makespan
and energy consumption. A Chhabra et al. [45] presented a hybrid multi-objective
policy (CSPSO) for scheduling a set of parallel tasks in IaaS cloud systems to meet
QoS and energy-efficiency expectations.

2.2 Energy consumption optimization methods for storage system and network
system

The storage system is an important part of the data center, and the optimization of
the storage system greatly affects the energy-saving development of the data center.
In this field, current research focuses on finding new high-speed and low-power
storage technologies. For example, O’Connor et al. [46] proposed a new high-band-
width, low-power DRAM architecture (FGDRAM) in 2017. Compared with previ-
ous DRAMs, this fine-grained DRAM has twice the energy efficiency. In addition,
some works explored new memory energy-saving strategies. Some studies [47-49]
allowed servers to remotely use the remaining memory of other servers in order to
improve the utilization of memory resources while reducing energy consumption. A
memory decomposition strategy proposed by Nitu in [50], this strategy decoupled
the CPU and memory at the power level, which allows remote access to the memory
while suspending the server, thereby reducing system energy consumption.

With the development of network technology during recent years, cloud com-
puting networks have greatly changed from the previous traditional data center net-
works in terms of network architecture and network traffic models. Energy-saving
research on network system has gradually become a hot topic in the industry. Some
studies [51, 52] have investigated in the data center’s network by turning off unnec-
essary network devices (routers, switches, etc.) or putting them into sleeping mode
to save power consumption of network. Inspired by the hierarchical data commu-
nication network (DCN) topology and data center traffic patterns, Zhang et al. [53]
studied a hierarchical model (HERO) to reduce energy consumption, specifically,
by turning off idle switches or links to optimize the power of network components.
The power optimization consists of two levels: core-level and pod-level. The authors
extended this model in [54], they added switching power loss, and proved that the
HERO problem was an NP problem so that the authors designed lots of heuristic
algorithms to solve this NP problem.

Data center network traffic integration is an effective method to reduce network
energy consumption. The traditional method is centralized traffic integration. How-
ever, this integration method expresses the energy-saving problem as a linear pro-
gramming model with high computational complexity and low response speed.
Different from the previous centralized traffic integration, Zhou et al. [55] consid-
ered the need to respond to changes in data center’s network traffic and proposed a
distributed stream-level traffic integration framework (DREAM) to achieve energy
efficiency. In DREAM, distributed working nodes and hosts work together to merge

@ Springer



A survey of energy-saving technologies in cloud data centers

traffic into a part of the data center’s network and close the part with no traffic load.
It can quickly respond to traffic emergencies. The results have proved that DREAM
saves at least 15.8% of energy in data center networks on average, which is more
energy efficient than centralized traffic integration, and application-level latency is
also reduced by 30%.

2.3 Comparison of energy-saving methods for IT equipment

As the server handles a large number of computing tasks in the data center, it has
become the most important energy-consuming component of the IT equipment in
data centers. Therefore, most of the existing energy-saving research based on IT
equipment is aimed at servers, but the energy consumption generated by storage sys-
tem and network system cannot be ignored. For this reason, Table 1 provides a com-
prehensive comparison for the energy saving of IT equipment.

3 Energy saving for cooling systems

In data centers, IT equipment processes a large number of computing tasks, caus-
ing its temperature to rise, which affects the availability of the equipment. In order
to reduce the heat emitted by computing equipment and ensure the long-term sta-
ble operation of the equipment, cooling systems such as CRAC are required. How-
ever, the cooling system running at full load or some unreasonable use will lead
to higher energy consumption in the data center. The energy consumption gener-
ated by the refrigeration system takes about 40% of the total energy consumption of
the data center. In some data centers, this proportion even exceeds 50% [56]. Dur-
ing these years, the world’s data centers have been growing into “mega-data-cent-
ers.” The new generation of data centers is more prominently manifested as: larger
scale, higher density, and higher cooling requirements. However, a short-term cool-
ing interruption in the air conditioning system will cause IT equipment to overheat
and shut down. Therefore, how to ensure that the data center’s refrigeration system
can provide the required environmental temperature and humidity for the computer
room for a long time has become a matter of widespread concern in the academic
and industrial circles. In this paper, we summarize the research in recent years from
three main aspects, namely location layout and airflow organization of computer
rooms, thermal-aware scheduling technology and other energy-saving technologies.

3.1 Location layout and airflow organization of computer rooms

At present, the commonly used cooling scheme in the data center industry is air
cooling. Air cooling involves the air supply method of the computer room. The
air supply mode of the computer room is mainly divided into two types: upper air
supply and lower air supply. Early data centers did not consider the way of airflow
organization, and most of them adopted the upward air supply method. The upper
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air supply method is to send the cold air processed by the air conditioning unit out
through the top of the machine room. Based on the jet flow principle, the supply air
flow forms a whirlpool in the entire machine room, fully mixes with the waste heat
and returns to the air conditioning system through the air return port. The upper air
supply method should choose an air conditioning unit with a higher residual pres-
sure outside the machine, and at the same time, ensure that the return air is smooth
and not blocked by the equipment. This method has obvious short-circuit phenom-
enon of cold and hot air flow, and the cooling efficiency is low. The downward air
supply method is currently the main form of air conditioning and cooling air supply
for data centers, and it is widely used in enterprise data centers and operator IDCs.
This kind of air supply method usually lays an electrostatic floor in the data center’s
computer room. The height of the electrostatic floor is usually 20-100 cm, even as
high as 2 m. The airflow organization structure is shown in Fig. 5 [9]. Firstly, the
cold air of the special air conditioner in the computer room is sent to the underside
of the electrostatic floor to form a large static pressure box. The static pressure box
can reduce the dynamic pressure of the air supply system and increase the static
pressure, steady airflow, etc. And then send the cold air to the server rack through
the perforated floor. The return air can be returned through the floor space in the
computer room or the dedicated return air duct (space above the ceiling) so as to
form obvious hot and cold channels. The downward air supply method has high
cooling efficiency and simple installation. However, this airflow layout still has the
problem of hot air recirculation and cold air bypass. Uneven air distribution will
cause problems such as early server failures and increased downtime. All of these
will lead to a substantial increase in the operating cost of the data center. For this
reason, it is necessary to improve the layout and airflow structure of the data center.

The ceiling height is a factor that affects the heat distribution of the airflow. The
ceiling height should not be too high or too low. If the ceiling height is too high,
more hot air will be recirculated, which will affect the inlet temperature of the rack.
At lower ceiling heights, there is not enough space for the hot air to move, which
leads to heat buildup. Nagarathinam et al. [57] compared the ceiling height of the

Cold Aisle mG—)
Hot Aisle  ESEG—)

CRAC

Fig.5 Schematic diagram of downward air supply
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data center with other parameters and found that the optimal ceiling height of the
data center is 2.52 m. Mulay et al. [58] modified the rack and optimized the location
of the server in the rack to isolate the cold air flow from the hot air flow to avoid the
emergence of server hotspots. At the same time, the use of partitions to isolate the
hot and cold aisle can also effectively reduce the generation of hot air recirculation
and cold air bypass. In addition, in the data center, the flow rate of the perforated
bricks may need to be adjusted to meet the airflow requirements of the racks. There
are many ways to balance the airflow of porous bricks. Among them, variable open
area porous bricks and under-floor partition walls are the most effective solutions
[59, 60].

3.2 Thermal-aware scheduling technology

Different from energy-aware scheduling, thermal-aware scheduling focuses on ther-
mal issues in data centers. It considers minimize the heat from the active servers, so
the chance of hot spots and cooling load is also reduced. The thermal-aware sched-
uler can not only reduce the PUE of the data center, but also save energy and pro-
tect the environment. Zhuravlev et al. [61] investigated the thermal-aware schedul-
ing problem and divided the scheduling algorithm into reactive, active and hybrid.
Reactive scheduling refers to the scheduling method adopted after a task has a ther-
mal anomaly, while active scheduling needs to predict the future thermal condi-
tions to avoid thermal anomalies in the system. The efficiency of active forecasting
depends on the forecasting method. Reactive scheduling is simple and takes a short
time to execute scheduling tasks, but its cost and energy saving are not as good as
active scheduling.

Wang et al. [62] designed an active method based on task thermal analysis. The
method schedules the hottest tasks on the coldest server, in other words, puts the
hottest tasks on the coldest server for execution, and follows the microprocessor-
based task scheduling principle, that means the hot tasks must be scheduled before
cold tasks. In addition, the authors also used the RC model to calculate the current
temperature of the server, and used the temperature distribution of each job to pre-
dict the temperature of the node after the job is scheduled. Obviously, this kind of
scheduling can prevent the server from running at the highest temperature, thereby
reducing cooling energy consumption. However, the method proposed by the
authors was based on homogeneous servers. They did not consider that the servers
in most data centers in reality are heterogeneous. Since the temperature of the server
is related to time and space to a certain extent. In space, the entrance temperature of
the server is related to the layout of the computer room. In time, the workload of the
server at a certain moment is related to historical load information and future load.
For this reason, Sun et al. [63] focused on the topic of space-time thermal-aware
at data centers. Firstly, they designed a spatio-temporal analysis model, and based
on this, described the entire data center thermal-aware scheduling problem. Subse-
quently, under the condition of thermal constraints, an online scheduling heuristic
algorithm is designed to solve the workload and thermal management problem. The
authors used the proposed heuristic algorithm to schedule tasks to balance the server
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load. In particular, in thermal management, the algorithm combines DVFS technol-
ogy which dynamically adjusts the operating frequency of the device to avoid the
temperature exceeding the threshold. Compared with other thermal-aware schedul-
ing methods, the proposed method has better performance and energy benefits due
to the consideration of temporal and spatial correlation and DVFS technology.

MirhoseiniNejad et al. [64] presented a unified thermal perception method to
control IT system and cooling systems. The authors proposed a thermal model for
the overall data center. The model considered the thermal interaction between IT
and the cooling unit, which saved power by studying the synergy between the work-
load scheduler and the cooling unit’s operating parameters. The author describes the
optimization problem as a constraint problem, as follows:

Minimize P/ 4 pchiller

T 0 ©
bj " ui=d
subject to Zi:l ur = 7
O<ui<u™,i=1,....,n (8)
server server
max (Tinlet ) S Tred (9)

among them, the decision variables are T;;;‘e’f’, ;’;“”, u. The Tlfl;’e’f’ is the tempera-
ture of cool water provided to the RMCU by the chiller. 97" is the air flow rate of
the cooling unit. u is the utilization vector of length n. The author modeled the cool-
ing energy consumption as the sum of the energy consumption of the fan and the
energy consumption of the chiller. The goal is to find the optimal value of the vari-
able to minimize energy consumption while keeping the server’s inlet temperature
below the red line temperature 7',,;, (Eq. 9). Equation 8 guarantees system availabil-
ity. To solve this optimization problem, a model is used to correlate the operating
parameters and the assigned workload with the temperature distribution. Experi-
mental results show that compared with other workload distribution algorithms, the
joint optimization proposed by the authors can save a lot of cooling energy.

3.3 Other energy-saving technologies
3.3.1 Liquid cooling

Today, new data center optimization technologies are changing the way that the data
center managers deploy cooling systems and the control platform. The liquid cool-
ing method is an efficient cooling method developed to support high-density and
large-scale components. Liquid cooling includes two parts: direct cooling technol-
ogy and indirect cooling technology. Direct liquid cooling refers to the direct contact
between electronic components and liquid coolant, allowing the coolant to take away
the heat of the electronic components. Direct liquid cooling includes immersion and
spray. Direct immersion liquid cooling is a new type of heat dissipation technology
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that has attracted the attention of the industry in recent years. At the Global Super-
computing Conference during these years, many server companies have demon-
strated their products on immersion liquid cooling, which has greatly improved the
attention to liquid cooling in the industry. Submerged liquid cooling has higher heat
dissipation efficiency because the heating element is in direct contact with the cool-
ant, and there is no maintenance of hardware such as sealed enclosures and fluid
connectors. Indirect liquid cooling is different from direct liquid cooling, the cool-
ing liquid and electronic devices are not in direct contact. Instead, a liquid cooling
radiator or evaporator is used as an intermediate heat dissipation component to real-
ize heat exchange. Indirect liquid cooling can use a coolant with high heat transfer,
thereby reducing power consumption, and the cooling liquid and electronic devices
contact indirectly makes the system safer. However, the addition of the sealed enclo-
sure and the server-grade piping required to conduct the liquid makes its deployment
and maintenance more difficult than direct liquid cooling. Indirect liquid cooling is
divided into single-phase indirect liquid cooling and two-phase indirect liquid cool-
ing according to the presence or absence of phase change.

Liquid cooling technology has received extensive attention from the industry.
3 M company [65] developed an implementation scheme of two-phase immersion
cooling in an open tank of a server. Yan et al. [66] proposed a direct spray cooling
method that used inclined gas-assisted nozzles to induce multiple spray cooling cov-
ering the entire server board area. However, the main disadvantage of this method
is the high-maintenance heat exchange operation. Indirect liquid cooling has been
used in IBM’s server cooling scheme [67]. The heat transfer process of indirect lig-
uid cooling occurs in a special cold plate. The focus of existing research is on the
design and experiment of various cold plates such as porous media and microchan-
nel heat sinks to study chip-level thermal management solutions [68, 69]. Liquid
cooling technology has high cooling efficiency and is suitable for high-computing
cluster systems. Compared with the conventional water cooling system, the liquid
cooling system eliminates the need for chilled water systems such as chillers and
refrigeration pumps, thus saving a lot of room space. However, the current liquid
cooling technology lacks corresponding standards. The granularity of liquid cool-
ing is at the cabinet (box) level, server level or even chip level. The low granularity,
complex systems and relatively difficult maintenance make it difficult to promote at
present. Therefore, liquid cooling technology is a huge opportunity for the existing
data center cooling architecture, but also a huge challenge.

3.3.2 Waste heat recovery

The IT equipment in the data center generates a lot of heat during operation, and
most of the electrical energy entering the server is emitted in the form of heat,
however, cooling the heat consumes more resources. Therefore, people have begun
to think about the problem of waste heat recovery in data centers in recent years.
Recycling the waste heat generated by the data center can not only reduce carbon
emissions but also save data center operating costs. The waste heat recovery of the
data center is different from the conventional industrial waste heat recovery system.
Firstly, although the heat of the data center is sufficient, the quality of the waste
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heat is generally poor. Secondly, the temperature is limited by the temperature of
the data center electronic devices, which is generally limited to 85 °C. These limita-
tions make it difficult to reuse it through conventional thermodynamic cycles. For
this reason, Ebrahimi et al. [70] compared the waste heat source and waste heat flow
of different types of data centers. They discussed the applicability of eight waste
heat recovery technologies to different data center designs and determined the most
promising waste heat recovery solutions. Through comparative analysis, it is con-
cluded that absorption refrigeration and Organic Rankine Cycle (ORC) are the two
most effective solutions for waste heat recovery in data centers. Absorption refrig-
eration provides additional cooling water for the cooling load, thereby reducing the
load of CRAC, while ORC directly uses waste heat flow to provide on-site power
generation.

Some large cloud computing companies recycle the waste heat generated by the
data center. Facebook used the waste heat of the data center for office heating to
save a lot of air-conditioning costs. In [71], the opportunity and challenge brought
by the waste heat of the data center as the main heating source of office buildings
and apartment buildings were studied. The authors proved that using the waste heat
of the data center to directly heat the home can save a lot of energy. Marcinichen
et al. [72] studied the role of data center waste heat recovery in the water preheating
process of coal-fired power plants. They modeled the data center as a cooling cycle
and the power utility as a thermal cycle. In this model, the waste heat of the data
center is between the condenser and the circulation system before the feed water
heating, which makes the waste heat generated by the data center to be well utilized.
Through feasibility analysis of the system, the authors believed that using the waste
heat of the data center in the water waste heat process of coal-fired power plants is
environmentally friendly and energy-saving.

3.3.3 Natural cold source utilization

The utilization of natural cold source is usually divided into two aspects. On the
one side, it refers to the use of outdoor cold air to take away the heat of the data
center in areas with low geographical environment temperature, which greatly short-
ens the operating time of air conditioners. On the other side, it refers to the use of
outdoor natural water resources to cool the data center in areas close to rivers and
seas. Using these natural environmental advantages can greatly reduce the energy
consumption of data centers, thereby saving electricity costs. For this reason, dur-
ing these years, researchers have been exploring how to effectively use natural cold
source to optimize energy consumption of data centers. The utilization of natural
cold air can be divided into two categories: direct utilization and indirect utiliza-
tion. Direct utilization refers to a technology that directly introduces outdoor cold air
into the data center for cooling when the outdoor temperature meets certain condi-
tions. Since the data center has strict requirements on humidity and cleanliness, it
is necessary to humidify and filter the outdoor air before it enters the data center.
Indirect utilization of natural cold air, using heat exchange equipment to achieve
cold and heat exchange between outdoor air and indoor air. It can reduce the indoor
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circulating air temperature while ensuring indoor humidity and cleanliness. The dif-
ficulty of this method is how to effectively realize the heat exchange of the air.

Direct air cooling is a method of introducing outdoor air directly into the data
center to cool down the equipment. The typical deployment of a direct air-free
cooling system is shown in Fig. 6. When the outdoor air temperature is low, the
outdoor cold air is directly introduced into the data center through the filter to
cool the equipment. In some large data centers, a natural cooling energy-saving
mechanism is used, and it has been proved that using this mechanism can save
a lot of energy costs. Intel has used this system in a 10mw data center for about
10 months, and they concluded that the use of wind-side free cooling schemes
can save $2.87 million in energy every year [73]. Microsoft and Google also took
advantage of free natural air cooling opportunities and built fresh air natural cool-
ing data centers in Europe [74, 75]. Yin et al. [76] conducted a feasibility analysis
on whether five cities in China can use natural cold source. Experiments have
shown that this cooling method is not suitable due to the large amount of dustfall
in Harbin and Beijing. However, Shanghai, Kunming, and Guangzhou are suit-
able for natural cooling due to climate and geographical location. It can clearly
be seen that direct natural air cooling technology depends on local environmental
conditions.

To ensure continuous and efficient operation of high-density computing sys-
tems and air-conditioning systems in a data center, the temperature and humidity
of the data center environment must be strictly controlled. The direct introduc-
tion of cold outdoor air into the data center will affect its internal environment,
thereby affecting the availability of the data center to a certain extent. Therefore,
the indirect use of outdoor cold air technology is introduced. The natural cooling
of the indirect air side requires an air-to-air heat exchanger to achieve. The typical
deployment is designed in Fig. 7. The system uses a heat pipe or a heat wheel to
realize the heat exchange of the air. The heat pipe or the heat wheel transfers sen-
sible heat through the evaporation of the working fluid near the hot return air and
the condensation near the outside cold air. Researchers are currently exploring

Cold Air
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Fig. 6 Direct air-side economizer
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the impact of using different heat exchangers on data center energy consumption.
Bao et al. [77] used plate heat exchangers in the heat exchange of communication
base stations. The experimental results show that this air heat exchanger reduced
the total power consumption of the corresponding electronic stations by 29%.

In addition to using natural cold air, the utilization of natural cold source can
also use natural water resources, which is related to the location of data centers.
An effective geographic location can save a lot of energy consumption for data
center’s operations and maintenance in the future. Some large Internet operators
attach great importance to the location of data centers. For example, water-cooled
data centers are usually built in areas with abundant water resources, such as
large rivers and seaside. Google invested 200 million euros to build a data center
in Northern Europe, where the natural climate brings huge opportunities for data
center cooling. Microsoft built the data center on a seabed in California, using
sea water to achieve the goal of naturally reducing energy consumption.

Based on data center energy modeling, Jinkyun et al. [78] evaluated the impact
on data center energy usage by describing the climate differences in several cli-
mate zones and the differences in the corresponding data center cooling systems.
For several different cooling types, representative climatic conditions of the four
regions are applied to the data center energy model, and suggestions for energy
optimization are given for each climatic zone. Through the study of 17 data
center cases, the trend and application technology of green data center energy
efficiency are obtained. Simulation experiments show that the energy demand of
the data center exhibits different patterns in different climate regions. In hot and
humid areas, the outdoor temperature is high throughout the year, and it does
not have the advantages of air cooling and water cooling. In hot and dry areas,
the use of direct air cooling systems with evaporative cooling can reduce energy
consumption by 38%. In addition, the outdoor temperature in cold regions is low

Cold Air

Filter

A 4

%’)Heat Pipe/Heat Wheel

Humidifier

)&

4Cooling _ =
Coil Chiller  (ooling Tower

BED)

Pump

Fig. 7 Indirect air-side economizer
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throughout the year, so the indirect air-cooled energy-saving system is effective
and can reduce energy consumption by up to 80%.

3.4 Comparison of energy-saving methods for cooling systems

This section mainly focuses on a comprehensive comparison of energy-saving meth-
ods for cooling systems. These strategies can be roughly divided into three aspects:
(1) location layout and airflow organization of computer rooms; (2) thermal-aware
scheduling technology; (3) other optimization methods include liquid cooling, waste
heat recovery technology and natural cold source utilization. Table 2 shows a com-
prehensive comparison of these methods.

4 Joint optimization of computing system and cooling system

Previous studies have focused on unilateral energy optimization of data center
computing system or cooling system. However, the management of the computing
system will affect the requirements of cooling system. From one side, server con-
solidation without understanding the cooling system may result in too many server
hot spots in the data center, therefore increase the demand for cooling capacity and
reduce cooling efficiency. From the other side, minimizing cooling energy consump-
tion requires calculating the system balance workload. However, this causes more
active servers running and develops more computing power. Therefore, it is neces-
sary to find a reasonable scheduling solution for the joint computing system and
cooling system. By developing and evaluating fine-grained models of CRAC, room
temperature, humidity, and servers, and integrating these models into the overall
scheduling algorithm is an effective solution to minimize total energy consumption.
However, the complex relationship between the computing system and the cooling
system makes joint optimization challenging. For the joint optimization method, the
key is to strike a balance between computing energy and cooling energy to achieve
better overall energy efficiency.

In terms of joint optimization calculation of energy consumption and cool-
ing energy consumption, most of the works is done by establishing a total power
consumption model and developing an algorithm to minimize the total power
consumption. Xiang et al. [79] established a thermal model by comprehen-
sively analyzing the airflow and the temperature distribution of the server CPU.
The authors modeled the total energy consumption of the data center as follows:
Erorat = Ecomputing(S) + Ecopiing(S)- Based on this, they proposed an integrated virtual
machine scheduling algorithm GRANITE to minimize the total energy consump-
tion of the data center. The decision of scheduling algorithm is based on offline rec-
ognition model, including workload model, server model and cooling model. This
algorithm considers the initial placement and dynamic migration of VMs. In order
to improve cooling efficiency, the algorithm dynamically adjusts the capacity of
CRAC. The article established a constraint model under the constraints of server
capacity, SLA, and CPU critical temperature, so as to find the optimal scheduling
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scheme and air supply temperature, so that the total energy consumption is mini-
mized. Feng et al. [80] proposed a global-energy-aware virtual machine placement
(VMP) strategy to reduce the total energy consumption of data centers from multi-
ple aspects. The authors modeled the total energy consumption as a combination of
server power consumption, cooling energy consumption, and network energy con-
sumption. A two-step SAG algorithm is designed to lower the energy consumption
of cloud data centers where multiple VMs are deployed. In order to solve the com-
plexity of thermal behavior and the uncertainty of workload, the scheduling plan
of the data center needs to dynamically integrate thermal factors and energy con-
sumption factors. To this end, Shashikant Ilager et al. [81] designed an energy and
thermal-aware scheduling (ETAS) algorithm that dynamically consolidates VMs
to minimize the overall energy consumption while proactively preventing hotspots.
The authors established an accurate power model and a thermal model, they used
ETAS to reduce the total energy consumption of the data center without any hotspot
creation. In a similar way, thermal-aware HPC job scheduling has been investigated
by Sun et al. [63], where the primary focus of the work is to reduce the makespan.
These methods reduce the total energy consumption to a certain extent and are sim-
ple to implement, but they either do not have a complete power consumption model
or mostly confined to HPC workloads.

In this regard, intelligent algorithms can play a role. Arroba et al. [82] proposed
a new power perception model and a meta-heuristic optimization strategy, which
relies on simulated annealing (SA) algorithm to realize the joint optimization of
computing energy consumption and cooling energy consumption. With regard to the
optimization of the cooling system, a cooling strategy based on the temperature of
the equipment in the system is proposed in order to find the maximum cooling set-
ting value of CRAC unit. To avoid thermal problems, the authors defined a max-
Cooling Set Point for each host to ensure that the CPU temperature is within a safe
range. In the end, the cooling set point is defined as the minimum value of all serv-
ers within the maximum cooling set point. The study found that the total energy effi-
ciency was increased to 21.74% by using a combination of meta-heuristic algorithm
and best-fit declivity algorithm.

Other works managed all the resources of the cloud data center by establishing
an overall energy consumption framework in the data center. In order to provide
an overall cloud platform to manage all resources in the cloud data center, Gill
Et al. [83] discussed an energy consumption aware resource scheduling technol-
ogy (CRUZE) based on Cuckoo algorithm, which is used for the overall man-
agement of cloud computing resources, including servers, network, storage and
cooling systems. The authors presented a system model for all components of the
cloud data center (Fig. 8). The system model is divided into three layers, namely
(1) SaaS: This layer handles incoming workloads and forwards them to the work-
load manager. (2) PaaS: This layer consists of a controller to control different
resources of the entire system. The controller has five submodules: workload
manager, VM/ resource manager, fault manager, cooling manager, and energy
manager. (3) IaaS: The IaaS layer includes information related to the cloud
infrastructure. The authors modeled the comprehensive energy consumption of
cloud data center as: E=E +E +E +E, ok T E +E

processor storage memory cooling extra
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.This model covers the various components of the cloud data center. The article
established various models and a fitness function based on energy consumption
and reliability and then used the Cuckoo algorithm to solve the model to per-
form overall scheduling of heterogeneous workloads. The experimental results
show that the proposed technology can reduce energy consumption by 20.1%
and increase reliability and CPU utilization by 17.1% and 15.7%, respectively.
Similarly, a power optimization framework (PowerNetS) for coordinating serv-
ers, data center network and cooling systems was proposed in [84]. PowerNetS
uses workload correlation analysis to save more energy during server and traffic
consolidation. More importantly, PowerNetS attempts to change the DCN topol-
ogy during the server consolidation process in order to obtain more intra-server
traffic and shorter traffic through fewer switches. Wan et al. [85] also studied a
cross-layer optimization framework to minimize the holistic energy consumption
in data center. The advantage of the framework is that it dynamically coordinates
the CPS and CLS via decision variables across various layers to obtain a global
optimal control strategy.

The above researches show that workload scheduling with a fine combination
of server state and data center thermal characteristics is a novel and effective
strategy to reduce total energy consumption. However, due to the complex rela-
tionship between workload and thermal characteristics, scheduling is challenging.
This complexity is that the workload of the data center changes all the time, and
the thermal management of the data center is also complicated, involving airflow
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organization, server location, and so on. For these reasons, researchers need to
formulate dynamic and globally optimized scheduling strategies in the future.

5 Analysis and prospect of future research

Researchers have conducted a lot of research on the energy-saving technology of
cloud data center, given many energy-saving algorithms and technologies, and
achieved good results. However, most of the existing research attempts to predict
and analyze the optimized energy consumption of a single component, and few stud-
ies the energy-saving optimization of multiple components in the entire data center.
Especially due to the rise of big data and cloud computing, cloud data centers have
been transformed into a new generation of data centers. Their large scale, high power
consumption density, and highly dense internal components make the construction
of a new generation of green data centers face more new problems and challenges.
Through the analysis and summary of existing research, we point out that the prob-
lems and directions of cloud data center energy-saving technology that need further
research and improvement are: integral optimization of energy consumption joint-
ing multiple components, energy saving using artificial intelligence methods, energy
saving based on novel hardware equipment, hybrid cooling energy saving and com-
prehensive energy conservation with various energy technologies.

5.1 Integral optimization of energy consumption jointing multiple components

Internet service prividers (ISPs) rely heavily on data centers to support the growing
computing demand for their services, which is leading to a growing problem with
data center energy consumption. Current efforts to address this issue have focused
on reducing the number of active servers through server consolidation, thereby
increasing resource utilization in the data center. However, this approach usually
does not take into account other core components of data center (cooling systems,
network, and storage), which account for a significant portion of the total energy
consumption of cloud data centers. As for the energy saving of cooling systems, the
existing research focuses on the optimization of hardware equipment and thermal
management, few researches combine the computing system to carry out the overall
optimization. Therefore, the optimization scheduling of energy consumption jointing
refrigeration equipment and IT equipment in the data center will become a develop-
ment trend. For example, in [79], by establishing a thermal model and comprehen-
sively analyzing factors such as airflow and temperature, a scheduling algorithm was
designed to minimize data center energy consumption under the constraints of these
thermodynamic conditions. Zheng et al. [84] proposed a power optimization frame-
work for coordinating server, data center’s network and cooling systems to minimize
the power consumption of data centers.
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5.2 Energy saving using artificial intelligence methods

In order to improve the utilization of system resources, most of the existing server
energy-saving methods use virtualization technology to dynamically allocate
resources to realize load balancing [37, 42, 43]. Reasonable scheduling can shorten
the time, reduce server hotspots and thus reduce energy consumption. However, too
many VMs migration and change will affect system performance. Therefore, the
migrations of virtual machine should be minimized while ensuring system resource
utilization. By using ML to accurately predict the load of future applications, unnec-
essary migration can be reduced and energy consumption can be reduced. In [34],
the regression model was used to predict CPU utilization. In this method, virtual
machine with the shortest migration time was selected for migration according to
the predicted value, and the virtual machine managed migration with the physical
machine which has the minimum CPU utilization was selected. At the same time,
a predictive monitoring system can be set to monitor the changes of environmen-
tal parameters (such as temperature, humidity, etc.) and operating parameters (such
as CPU utilization, load, etc.) of the data center in real time which can predict the
changes of parameters at the next moment. For example, a power monitoring system
established by Facebook’s data center collects equipment power information every
3 s, which determines whether to limit the power supply of the equipment accord-
ing to the power threshold, stigma, and cabinet to achieve the purpose of controlling
the power of the data center. It can accommodate more equipment to reduce energy
consumption [86].

In addition, modeling based on ML and NN has become a more practical solu-
tion to optimize data center energy consumption. Through the training of a large
amount of data, the optimized control method of server and refrigeration equipment
was obtained. For example, back propagation (BP) neural network or artificial neu-
ral network (ANN) was used to model and optimize the PUE value of data centers,
and LSTM network model was used to model and optimize the efficiency value of
refrigeration equipment. Google has used NN to model its data center and optimize
energy consumption [87]. Google used sensors to collect data center’s data of infra-
structure operation and power usage information, they used a multilayer NN to study
the data and built models to predict the PUE value of the data center. The results
show that ML method can effectively predict data center energy demand, so energy
efficiency can be further improved by adjusting parameter settings. Except the above
methods, some of the most representative computational intelligence algorithms
can be used to solve data center energy-saving problems, such as monarch butterfly
optimization (MBO), earthworm optimization algorithm (EWA), elephant herding
optimization (EHO), moth search (MS) algorithm, etc. They are suitable for solving
optimization problems, and the energy consumption problem of the data center can
be considered as a combined optimization problem. These algorithms can help find
the global optimal solution. Therefore, they can be used to solve the problem in the
future.
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5.3 Energy saving based on novel hardware equipment

For the purpose of improving the power efficiency of the server, it is necessary to
improve the technology on the hardware equipment. Compared with the old servers,
the new low-power servers will make great progress in the optimization of energy
and efficiency. So far, some technologies have made some progress, such as porting
highly parallel applications to general-purpose GPUs, servers using ARM architec-
ture with lower power consumption [88]. Baidu designed and deployed an energy-
saving rack server called "Beiji" in 2011. "Beiji" rack server system is a server
system specially developed for energy saving. It adopts centralized refrigeration,
centralized power supply design, and has a rack management control module (RMC)
which is responsible for cooling, power monitoring and other management functions
[89].

Similarly, on the refrigeration side, the use of new refrigeration equipment can
significantly improve the efficiency of refrigeration. At present, common air-condi-
tioning systems in data centers are air-cooled direct expansion air-conditioning sys-
tem and cold water room air-conditioning system, in which the cold water room air-
conditioning system also includes air-cooled cold water type and water-cooled cold
water type. In recent years, in order to explore more efficient refrigeration equip-
ment, a number of new refrigeration system models with flexible cooling methods
and high refrigeration efficiency have emerged. For example, double cooling source
system, heat pipe composite system. Double cooling source system is divided into
air cooling/freezing water system and water cooling/freezing water system. There-
fore, the trend of energy saving in the future is to develop more efficient energy-sav-
ing hardware on top of the current infrastructure in order to achieve higher energy
efficiency, which is a huge challenge for hardware equipment manufacturers and rel-
evant researchers.

5.4 Hybrid cooling energy saving

Faced with the huge energy demand brought by the construction and operation of
data centers, the energy-saving strategy of data centers has developed from the ini-
tial ventilation cooling system to liquid cooling and natural cooling source utiliza-
tion. Liquid cooling technology has the advantages of high cooling efficiency, low
energy consumption and environmental protection. Liquid cooling technology was
first applied to the cooling of super or large computer chips and is expected to be
widely applied to the cooling of servers in higher density data centers in the future.
In 2018, at the I/O Developer Conference, Google announced that it would be using
liquid cooling technology in its data centers for the first time, and said that in the
future it would be switching to liquid cooling in its data centers. The utilization of
natural cold source refers to the use of outdoor cold air or natural cold source water
to cool the data center. This technology has a good application prospect for areas
with generally low outdoor temperature or close to natural water cooling source. In
2018, Microsoft built its data center on the seabed, using natural seawater to cool
the data center and reduce the use of air conditioning to save energy. Hybrid cooling
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is the application of different cooling technologies (such as liquid cooling, natural
cooling, air cooling, water cooling, etc.) in the same data center to achieve compre-
hensive energy saving. The European Nuclear Research Council has established a
hybrid cooling data center, nearly 9% of the servers in the data center used a liquid
cooling solution that includes free cooling [90]. By using hybrid cooling, local lig-
uid cooling can be provided in any hot spot, and other cooling schemes can be selec-
tively used to cool other non-hot spots. Therefore, hybrid cooling can effectively
save cooling power, thus greatly reducing cooling costs.

5.5 Comprehensive energy conservation with various energy technologies

In the face of huge energy consumption, the main power source of cloud data center
still comes from fossil fuels. However, the combustion of fossil fuels produces a
large amount of carbon emissions, which is not conducive to environmental protec-
tion. The use of clean and renewable energy in data centers has become an industry
trend. Greenpeace has promoted and encouraged the use of new energy in data cent-
ers by rating the clean energy of data centers of global IT companies. At the same
time, governments around the world have also developed energy-saving regulations
and policies. New energy refers to various forms of energy, such as wind and solar
energy, that are different from traditional energy. IT companies are applying new
energy in their data centers. For example, Google’s wind farm in Kenya and other
several wind farms in Texas. Facebook also built its solar data center in Oregon.
Although these renewable new energies can improve the environmental problems of
data centers, their unstable and time-varying characteristics make it impossible for
data centers to fully use new energies at present. Some researches solve this problem
by modeling new energies and using prediction techniques and algorithms to predict
the amount of new energies available in the future. But it is difficult to meet the
large-scale energy consumption demand of data centers through new energy source.
Traditional power grid is still the most important power supply method. Therefore,
how to optimize the new energy structure and cooperate with new energy and tradi-
tional energy to achieve more efficient and environmentally friendly power supply is
the future research direction of data center energy conservation.

6 Conclusion

In this paper, we summarize and classify the existing energy-saving methods of
cloud data center, focuses on the existing energy-saving technologies based on IT
equipment and cooling systems, and describes the advantages and limitations of
each method. The joint optimization scheme formed on this basis can effectively
reduce the energy consumption of the cloud data center, which is also the current
research focus. In the end, the development direction and trend in the future are
proposed. From a global perspective, different energy-saving methods have differ-
ent contributions to the energy saving of data centers. In the initial construction of
the data center, the consumption of air conditioning in the room can be reduced by
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about 30% through scientific and reasonable site selection and rational use of natural
energy. In the optimization of the server, the power adjustment technology can effec-
tively reduce the energy consumption by about 20-40%. By optimizing the resource
scheduling algorithm and management strategy, the total energy consumption can be
saved by about 10-25%. In addition, in the process of data center construction, rea-
sonable optimization of network system, storage system and other systems can also
effectively reduce the energy consumption of the data center.
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