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ABSTRACT In recent years, the ever-increasing demand for networking resources and energy, fueled by the
unprecedented upsurge in Internet traffic, has been a cause for concern for many service providers. Content
caching, which serves user requests locally, is deemed to be an enabling technology in addressing the chal-
lenges offered by the phenomenal growth in Internet traffic. Conventionally, content caching is considered
as a viable solution to alleviate the backhaul pressure. However, recently, many studies have reported energy
cost reductions contributed by content caching in cache-equipped networks. The hypothesis is that caching
shortens content delivery distance and eventually achieves significant reduction in transmission energy
consumption. This has motivated us to conduct this study and in this article, a comprehensive survey of the
state-of-the-art green caching techniques is provided. This review paper extensively discusses contributions
of the existing studies on green caching. In addition, the study explores different cache-equipped network
types, solution methods, and application scenarios. We categorically present that the optimal selection of the
caching nodes, smart resource management, popular content selection, and renewable energy integration
can substantially improve energy efficiency of the cache-equipped systems. In addition, based on the
comprehensive analysis, we also highlight some potential research ideas relevant to green content caching.

INDEX TERMS Caching, energy, Internet traffic, IoT, video streaming.

I. INTRODUCTION

In recent years, the advancements in smart hand-held devices,
IoT applications, on-demand streaming services, and wireless
data transfer [1]-[3] have resulted in a phenomenal growth
in network traffic demand. By 2030, the number of com-
munication devices, served by diverse network paradigms,
is expected to reach 100 billion, and the mobile data traf-
fic will be 10,000 times higher compared to the traffic in
2010 [4].

The future Internet is envisioned as a networked society
with ubiquitous connectivity and information dissemination
opportunities [3], [5]. In this aspect, the major role of wireless
networks has evolved from pair-wise telephony conversations
towards content distributions [6], [7]. This paradigm shift
in communication technology is expected to support diverse
applications, including online video streaming, smart homes,
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connected vehicles, smart cities, and machine to machine
(M2M) communications [8]—-[10]. These applications require
high data rates, improved quality of experience (QoE), low
latency, longer battery lifespan, robust security protections,
and optimal bandwidth utilization [2], [11]. To fulfill these
demands, operators are constantly deploying networking
resources, where capital expenditure is increasing dramati-
cally [8], [12].

The explosively growing Internet traffic is also increasing
energy requirements at a staggering rate [3], [4]. Every single
content object of the Internet traffic requires efficient process-
ing, transmission, and dissemination resulting in excessive
energy consumption. Energy cost makes up about 30% of
the operational costs of a communication network [4]. This
upsurge in energy consumption also leads to excessive carbon
footprint and drastic environmental consequences [13], [14].
Furthermore, the carbon emission rate is recognized as a key
performance indicator for the company’s brand image [15].
Another prime concern is limited battery lifetime and the
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increased radiations of mobile devices. Per annum more
than 25 thousand of batteries are disposed [7]. These batteries
disposal not only increase costs, but also impact human health
and ecological balances [4].

Consequently, energy-efficient network design and the
smart management of networking resources are regarded as
the key attributes of next generation communication net-
works [16]-[18]. The inclusion of green strategies in com-
munication networks has attained considerable interest from
both industry and academia [4], [19]. The stakeholders
have already targeted to reduce the energy consumption by
90% in 5G networks [20]. A number of research initia-
tives, such as EARTH, GreenTouch, Green Radio, TREND,
and OPERA-NET have been introduced to design energy-
efficient solutions for communication networks [19], [21].
However, in spite of the remarkable success of these projects,
energy-aware communication system design is still a prime
research field in the telecommunication industry.

The major portion of the proliferating Internet traffic is
mainly comprised of two key data sources [22], [23]. The
first source is on-demand video (VoD) streaming and content
sharing services (e.g., Netflix, youtube). In global Internet
traffic, the contribution of video streaming is anticipated to
be more than 80% by 2021 [24]. The streaming of high
resolution 4k and 8k videos requires very high data rates and
low latency [25]. Therefore, in near future, the exponentially
growing popularity of video traffic will cause further increase
in the data volume.

The second source is the IoT data generated from thou-
sands of sensors, actuators, and applications in [oT net-
works [26], [27]. It is expected that more than 75 billion IoT
devices will be connected to the Internet within 6 years [28].
These devices will also escalate the volume of the network
traffic.

According to recent studies [11], [24], [29], a very small
portion of the content objects makes up the major portion
of overall Internet traffic. In addition, a common feature of
both the aforementioned data types is that users repeatedly
requests for them [22], [26], [30]. However, these data are
not suitable for broadcasting as requests are generated in an
asynchronous manner [11]. Hence, broadcasting can cause
significant delay to earlier requests and degrade user expe-
rience. On the other hand, a conventional host based network
serves the subscribers from the remote servers of the content
providers. As a result, the network causes duplicate content
transmission and creates backhaul bottlenecks [31].

To combat these technical limitations, caching popular
content at the network nodes is envisioned as a prospective
countermeasure [2], [25]. In caching, frequently requested
data items are stored in an intermediate network node
between primary content server and user device [6], [32].
These popular items are cached before the arrival of
content requests and utilized to serve the users during
peak-hours. Caching mainly replaces additional bandwidth
requirements by cheaper data storage units [25]. Therefore,
cache-equipped networks reduce content delivery distance
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and avoid duplicate transmissions [33]. As a result, not only
user-perceived latency is decreased, but also the backhaul
bottleneck is alleviated. In addition, caching improves both
spectrum efficiency and network throughput [34].

Caching nodes are frequently updated because of the
changing popularity of cached content objects [35], [36].
Therefore, content replacement techniques require accurate
identification of less popular items to accommodate the popu-
lar files. In addition to content popularity, an efficient caching
strategy considers content size, delivery path, and transmis-
sion time [22], [37], [38].

Although caching has been introduced to achieve faster
content delivery [39], it has shown remarkable potential in
reducing energy demand [40], [41]. This is because short-
ening content delivery distance reduces both content trans-
mission energy and network resource utilization. However,
the operational procedure of caching units requires additional
energy. Hence, the design of innovative caching techniques,
which not only reduces energy consumptions but also main-
tains expected QoE, is of widespread interest. Such innova-
tive techniques are categorized as green caching strategies.
These strategies investigate the energy aspects of caching
and improve energy efficiency of the networking systems.
The fundamental consideration of green caching networks
is to minimize the difference between utilized and offered
caching resources. To address this, a number of studies [2],
[11], [42]-[44] have investigated and proposed diverse opti-
mal caching resource allocation, network management, and
renewable energy utilization techniques for latency-critical
and bandwidth-greedy applications.

Energy-aware cache node selection and optimal network
planning substantially improve energy savings [2], [42].
In this process, the nodes serve maximum number of user
requests by deploying minimum number of caching units in
the network. According to the existing studies [43], [44], the
smart selection of content delivery paths and the activation
of caching nodes based on network traffic demand exhibit
considerable improvement in energy efficiency. Furthermore,
the utilization of renewable energy to power up caching nodes
reduces not only the dependence on grid energy but also
carbon emission [14]. In addition, the joint utilization of these
techniques exhibits significant potential in limiting peak-to-
average disparity of the energy load and improving network
load adaptation [45]. However, the exploitation of the green
approaches in cache-equipped networks may impact network
throughput and transmission delay [29], [46]. The inclusion
of the additional services at the caching nodes also causes
additional energy consumption [47]. Therefore, some stud-
ies [48]-[50] have investigated the trade-off analysis of the
caching schemes based on energy consumption and network
performance.

As reported in the existing literature [45], [51], [52], a num-
ber of green caching strategies have significantly improved
both network performance and energy efficiency. How-
ever, the above mentioned challenges need to be addressed
in future initiatives. Motivated by these considerations,
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FIGURE 1. The detailed taxonomy of the survey on green caching strategies.

we provide a detailed survey of the state-of-the-art caching
strategies, which have been exploited to investigate the
energy aspects of caching. The major contributions of this
study are as follows:

« In this article, a comprehensive review of the exist-
ing survey papers on existing caching strategies is pro-
vided. The key focus of this study is to analyze the
energy-related concerns of caching systems. Therefore,
we highlight the existing strategies on green caching and
identify the research gaps for further study.

« This article also identifies the distinctive role of indi-
vidual aspects of caching techniques towards energy
savings. These aspects, include cache node placement,
content selection, and caching strategies.

o We summarize the existing green caching strategies
into three categories, which are energy-aware resource
allocation, green resource management, and renew-
able energy utilization. In this article, the major
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contributions, solution methods, different networking
paradigms, and limitations of existing articles, related to
the above mentioned categories, are identified.

o The study also provides a comprehensive summary of
the utilized performance metrics and diverse applica-
tions of the green caching techniques.

o Finally, this article categorically explains different
future opportunities and related technical challenges.

The remaining sections of this survey paper are orga-
nized as follows. Section II reviews existing survey articles
and identifies the research gap. In Section III, we investi-
gate the major issues involving proposed caching strategies.
Section IV to Section VI analyze existing studies and classify
them into energy-aware network planning, green resource
management, and utilization of renewable energy, respec-
tively. In addition, section VII discusses different perfor-
mance metrics, which have been considered in the literature.
Section VIII highlights different use cases and applications of
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caching systems. In Section IX, we discuss the future research
directions and challenges. Section X concludes the article.
For the convenience of the readers, the detailed taxonomy of
the article is drawn in Fig. 1.

Il. RELATED SURVEY PAPERS

A. SURVEY ARTICLES ON GREEN COMMUNICATIONS
Energy-efficient network panning, deployment, and opera-
tion have become recent concerns for the telecommunication
industry [7], [19]. In the literature, a number of survey papers
have reviewed green solutions for communication networks.

In [53], the advancements and importance of energy-aware
technologies for core network operation were explicitly dis-
cussed. Energy-efficient initiatives for edge computing sys-
tems and relevant research challenges were outlined in [54].
Buzzi et al. [8] identified the key aspects of energy-aware net-
work design. In addition, the study also analyzed the impor-
tance of holistic approach, confronting randomness in 5G net-
works, and innovative energy models involving caching and
computing. For 5G networks, the conventional approaches of
energy cost reduction and the modern concepts of renewable
energy utilization were studied in [12].

In [17], a 5G multi-tier architecture was designed for
energy-efficient network operation. To address the energy
related concerns, the study also analyzed cell zooming, device
to device communication, massive multiple input multiple
output (MIMO) techniques, and hardware solutions. Perfor-
mance metrics related to energy-efficient 5G systems were
summarized in [4]. In addition, a novel spectrum sharing
technique was introduced for the enhancement of battery
lifetime.

Energy-efficient system design initiates trade-off con-
siderations related to user experience and system perfor-
mance. These trade-offs in wireless networks were explicitly
explained in [16], [55].

B. SURVEY ARTICLES ON CACHING
Caching has emerged as a paradigm shifting technology to
explore the in-network storage capability of the network-
ing nodes and improve QoE through low dissemination
latency [56]. In-network caching is used in information-
centric networks (ICN) [57]-[59] to serve user requests from
network nodes, which are located closer to the subscribers.
ICN is based on named content objects, and subscribers
send their requests as interest packets containing content
names [60]. The network itself finds the most suitable caching
node to serve the requests and maps content delivery routes.
A detailed description of the ICN operating procedure was
provided in [37], [59]-[61]. The authors in [38], [62] illus-
trated some ICN frameworks, related features, and described
key influencing factors for the prompt delivery of the cached
content. Ioannou et al. [37] not only investigated on-path
caching strategies, but also reviewed diverse forwarding tech-
niques in ICNs.
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A comprehensive review of the cache management strate-
gies in ICN, including their advantages and limitations,
is 1illustrated in [61]. Lal et al. [63] summarized existing
research initiatives addressing efficient cache placement and
content placement techniques for ICNs. Qiao et al. [64]
presented an in-depth study of the upper-layer applications
and services in content centric networks (CCN). In addition,
ICN functionality and performance analysis were discussed
in [60].

On the other hand, probable security threats and pri-
vacy concerns for information centric networks (ICN) were
presented in [57], [65]. AbdAllah et al. [65] studied pri-
vacy, integrity, and confidentiality requirements of the ICNs.
Tourani et al. [57] also identified probable access control
measures to allocate stringent security services.

Arshad er al. [66] explained the prospects of incor-
porating ICN features into IoT applications. Furthermore,
Nour et al. [67] presented existing efforts and identified ICN
as a key enabling technology for communications in IoT
systems.

Exploiting caching in mobile networks also showed
remarkable performance improvement [2], [22], [68]
Wang et al. [22] reviewed the existing strategies on mobile
edge networks. They also analyzed the cooperative role of
communication, caching, and computing at the network edge.
Yao et al. [68] summarized different studies on mobile edge
caching and addressed associated technical challenges.

Wireless caching techniques for diverse cellular networks
were reviewed in [34]. The study compared different caching
algorithms based on mathematical tools, performance met-
rics, and network types. For IoT systems, a detailed study
on the existing edge caching techniques in radio access net-
works (RAN) was provided in [69].

Parvez et al. [70] studied probable solutions to achieve
real-time transmission in a 5G network. They summarized
the strategies to achieve low latency into three parts, which
are access network, core network, and caching solutions.
Prerna et al. [71] outlined existing D2D technologies for
content caching and sharing in 5G networks. The authors also
pointed out associated research challenges and limitations in
implementing D2D caching.

The integration of information-centric features into mobile
networks creates opportunities for faster content download
and mobility support [52], [72]. In addition, the design
of an efficient information-centric mobile (ICM) system
and networking resource optimization were explicitly dis-
cussed in [59]. A detailed survey on the integration of
ICN networks with mobile edge computing (MEC) sys-
tems was provided in [72]. The authors also proposed
future research directions on ICN over MEC for IoT
applications.

Content popularity also plays a pivotal role in designing
an efficient caching technique [73], [74]. Goian et al. [75]
discussed the features of video files and summarized existing
techniques adopted in content caching for the prediction of
content popularity.
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TABLE 4. Summary of the literature review on utilization of renewable energy in cache-equipped communication networks.

decision making. In this study, we categorize the performance
metrics as energy-related metrics, caching-related metrics,
network-related metrics, and other metrics. These metrics are
described as follows:

A. ENERGY-RELATED METRICS

1) ENERGY CONSUMPTION

In green caching systems, energy consumption is the most
widely utilized performance metric. It represents the energy
consumed by the whole system. In the existing studies [26],
[49]-[51], [118], [119], [144], [145], [153]-[158], [161],
[173], [176], [180], the authors utilized energy consumption
to compare the performance gain of the proposed caching
model with other systems. Wireless networks utilize a similar
metric named area power consumption [115], [139]. This
metric calculates the average power consumption of a net-
work in per unit area. On the other hand, for caching strate-
gies, energy savings are also evaluated as an indicator for
performance improvement [36], [44], [114], [219].

2) ON-GRID ENERGY CONSUMPTION

The on-grid energy consumption of a communication net-
work denotes the energy demand from the power grid.
Caching techniques utilizing renewable energy sources
mostly consider this metric [24], [45], [215], [216]. The
reduction in on-grid energy consumption portrays alleviated
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electricity load, which helps to reduce the operational expen-
diture of the network. This term is also referred as brown
energy consumption [14].

3) ENERGY EFFICIENCY

Energy efficiency is recognized as a prime indicator of 5G
networking systems [40], [48], [121], [131], [142], [154],
[159]. It denotes the achieved data rate over per unit energy
consumption. Caching nodes serve more requests from the
network edge and eliminate energy components related to
backhaul traffic. Furthermore, network traffic-aware caching
node activation also improves energy efficiency [148], [163].
This is because in peak hours the caching nodes utilize max-
imum content transmission capacity and in off-peak hours
they remain switched off [24].

4) ECONOMICAL ENERGY EFFICIENCY

Yan et al. [220] introduced the idea of economical energy effi-
ciency. It jointly considered system costs, energy efficiency,
and spectral efficiency. This parameter has also been utilized
for not only energy-aware network management, but also
network planning and deployment [125].

5) BS TRANSMIT POWER
BS transmit power represents the minimum power require-
ment to maintain the QoE and security standards in caching
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systems [146], [162], [191]. Degradation in QoE and security
has catastrophic consequences. Therefore, the operators can
not allow a lower BS transmit power compared to the thresh-
old value.

B. CACHING-RELATED METRICS

1) CACHE HIT RATIO

Cache hit ratio (CHR) is calculated as a ratio of the number of
requests served by the caching node over the total number of
content requests. To measure the effectiveness of a caching
system, a number of studies [36], [40], [153], [154], [161],
[173], [217]. utilized this metric. One of the major goals
of an efficient caching model is to achieve a higher CHR.
When CHR is higher, more requests are served locally, which
reduces both content delivery time and distance. Therefore,
energy demand is reduced, and backhaul pressure is allevi-
ated [52], [187].

2) HOP COUNTS

Hop counts are calculated as the number of intermediate
nodes in a content delivery path [36], [151], [180]. The funda-
mental concept of caching is to reduce content delivery path,
which eventually reduces hop content. This reduction is also
represented as a hop count ratio or a hop reduction ratio [130].
In these metrics, the hop count in a cache-equipped system is
compared with the hop counts in absence of caching. Number
of hop counts is directly proportional to the transmission
energy consumption [113]. Therefore, this metric has been
widely utilized in green caching.

3) COOPERATION DISTANCE

Cooperation distance is mainly utilized in D2D caching [29],
[137]. It represents the maximum allowable distance between
caching device and user device for successful content trans-
mission. Although a longer distance supports better coop-
eration, it has a negative impact on energy consumption
and frequency reuse. Therefore, some of the green caching
strategies optimized cooperation distance subject to energy
consumption [29], [137].

4) AVERAGE FRESHNESS

Data freshness expresses whether the data is up-to-date or
not [177]. Although frequently updated caching nodes store
recent data items, this process has higher communication
cost. On the other hand, fresh contents are crucial for caching
systems utilized in the industrial and health sectors. Average
freshness helps to adjust the balance between these two con-
flicting conditions.

5) SUCCESSFUL TRANSMISSION PROBABILITY

This metric defines the probability that a cached content will
be successfully delivered from the caching node to the desig-
nated subscriber [162], [164]. Successful transmission prob-
ability significantly contributes in determining the acceptable
backhaul load and achieving expected QoE. In this purpose,

VOLUME 8, 2020

few studies [114], [187] have also utilized the term delivery
success rate.

C. NETWORK-RELATED METRICS

1) DELAY

In a cache-equipped network, delay represents the total time
required in sending the content request to the serving node
and delivering the content [2], [46], [117], [152], [207], [219].
This term is also referred as latency [133], [154].

The prime objective of caching is faster content deliv-
ery. Therefore, content delivery delay has been considered
as a key criteria in a number of green caching strategies,
including caching node selection [119], resource alloca-
tion [124], [134], and network management [168], [173].
Furthermore, diverse latency-critical applications have spe-
cific delay requirements [47], [70], [197]. The utilization
of energy-efficient caching approaches in these applications
has substantial impact on the associated delay. As a result,
energy and delay have been jointly investigated in existing
literature [49], [50], [151].

2) NETWORK THROUGHPUT

On demand streaming of the video files and improved QoE
are key requirements for future generation networks [35],
[75], [89]. Therefore, throughput is crucial for effective net-
work design. Throughput defines the amount of network data
transmitted per unit time [77], [118], [154], [199]. For optimal
caching system design, average throughput achieved by every
subscriber is investigated along with energy and costs of a
network.

3) SPECTRAL EFFICIENCY

Spectral efficiency (SE) is the amount of data rate that can
be achieved utilizing per unit bandwidth [115], [121], [139],
[140]. A higher SE is achieved when more users are served
by the network. Caching improves SE by serving more users
locally and alleviating backhaul traffic.

4) COVERAGE PROBABILITY

Coverage probability is a key metric from the user
perspective. It represents the probability that the signal-
to-interference-plus-noise-ratio (SINR) will remain higher
compared to a benchmark value [178], [210], [217]. User
experience vastly depends on coverage probability because
it also represents the probability of obtaining satisfactory
service. Outage probability is reciprocal to the coverage prob-
ability and denotes the probability of achieving SINR level
below threshold [128], [131].

5) NETWORK TRAFFIC
Network traffic stands for the cumulative traffic flow through
all the links of a network. A well-designed caching strat-

egy substantially reduces traffic flow and reduces energy
demands [11], [96], [209]. Backhaul traffic is also evaluated
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to compare the network load and performance gain of the
systems [211].

D. OTHER METRICS

1) COST

The costs related to caching techniques represent both capital
expenditure (CapEx) and operational expenditure (OpEx) for
cache-equipped networks [1], [50], [134], [197]. Caching
and networking-resource deployment mainly contributes to
CapEx. On the other hand, energy cost, licensed spec-
trum fees, and content subscription charges constitute
OpEx.

2) REVENUE

Revenue denotes the earnings of a network operator or service
provider [122], [138]. The main source of revenue is the
charges paid by the clients to avail network services (e.g.,
Netflix, Industrial automation). Some of the service providers
earn from the advertisements in the user interface of different
applications (e.g., Youtube).

3) UTILITY/REWARD

A number of green caching strategies [40], [138], [172],
[213] have utilized the term utility, which mainly refers to
the difference between performance gain and energy cost.
In the literature, a similar term have also been defined as
reward [27], [143]. Game theoretic approaches find an equi-
librium for the caching systems when every entity tries to
achieve maximum utility.

4) OFFLOADING EFFICIENCY

Caching offloads backhaul traffic to the network edge [25],
[79]. Offloading efficiency is the percentage of the overall
traffic that has been offloaded to the caching node [133],
[179]. Higher offloading efficiency helps to overcome back-
haul congestion and resource scarcity.

5) EXECUTION/RUN TIME

Execution time is usually investigated for task caching [144],
[175], [197]. A joint strategy incorporating caching
and MEC not only caches data but also executes
offloaded tasks at the edge nodes. The required time
span for the execution of these offloaded tasks is
known as execution time. This metric mainly depends
on the task complexity and computation capacity of the
server [221].

6) SECURITY BREACH COST
In recent studies [47], [189], security breach cost
has been introduced to measure the probable loss for
caching data leakage. This metric has an important
role in investigating the trade-off between energy and
security.

Table 5 summarizes the performance metrics utilized in
different green caching strategies.
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VIIl. CACHING APPLICATIONS

The low-latency and high-data rate applications will consti-
tute a significant portion of the future network traffic [1],
[133], [154]. Caching has been widely accepted as a promis-
ing technology to overcome the limitations of existing host
based networks [11], [105]. This section discusses the major
applications where caching plays an instrumental role in
achieving maximum system output.

A. VIDEO STREAMING SERVICES

To ensure standard QoE, video streaming services aim to
achieve low latency and high data [30], [73], [222]. For
these services, edge caching has shown significant poten-
tial in maintaining expected QoE. In addition, to maximize
network performance, proactive caching strategies have pre-
dicted user behavior and have optimized caching resource
allocation [45], [148]. On the other hand, a number of caching
techniques [26], [146], [191] have been introduced to tackle
the energy and security related concerns of the video stream-
ing services.

B. VIRTUAL AND AUGMENTED REALITY APPLICATIONS
Virtual and augmented reality applications are anticipated
to have a life-changing influence on the network sub-
scribers [46], [223]. These applications gather data related to
users’ activity and require substantial computational and stor-
age capacity. Moreover, latency-critical and context-aware
data transmission are also primary concerns for these applica-
tions [224]. As a solution to these technical challenges, edge
caching provides an opportunity to store processed data and
transmit required content immediately.

C. VEHICULAR COMMUNICATION

Recent advancements in connected and autonomous vehicles
have been instrumental for the unprecedented network traffic
growth [123], [215]. Although cloud servers were utilized
for vehicular data processing, the system performance was
not satisfactory because of the long content transmission path
and associated costs. Mobility issues and the ever-increasing
number of smart vehicles worsen the situation. To overcome
these technical challenges and support latency-critical appli-
cations, road side units have been introduced [187], [225].
These units with caching and computing resources not only
gather data from hundreds of vehicles and connected sensors,
but also analyze them for vehicular traffic control, smart
parking, and safety services.

D. INDUSTRIAL IoT

Industry 4.0 services are expected to be vastly dependent on
industrial IoT applications and ubiquitous connectivity [119],
[189]. The IoT data for these applications require efficient
acquisition process, intelligent management and processing,
encrypted transmission, and energy-aware operation [145],
[189].
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TABLE 5. Summary of the performance metrics utilized in green caching techniques.

IEEE Access

Category Performance Metrics Relevant Articles
[13], [26], [47], [49]-[51], [118]-[120], [126], [127], [130], [132], [134],
Energy consumption [136], [143]-[145], [147], [149]-[158], [160], [161], [173], [175], [176],
[180], [181], [189], [197]-[200], [207], [211], [218].
Area power
E
nerey consumption (115], [139]
related -
) Energy savings [21, [36], [42], [44], [114], [116], [117], [124], [141], [219]
metrics.
On-grid energy
somsumption [14], [24], [451, [208], [215], [216]
. [29], [40], [43], [48], [121], [123], [129], [131], [135], [140], [142], [148],
Energy efficiency [154], [159], [163], [164], [178], [190]
Economical energy
efficiency [125]
BS transmit power [146], [162], [191]
. I [24], [36], [40], [45], [52], [96], [123], [136], [153], [154], [161], [173],
Cache hit ratio [177], [187], [217], [218]
Hop counts [36], [113], [148], [149], [151], [180].
Caching - -
Hop reduction ratio [130].
related - -
. Cooperation distance [29], [137]
metrics.
Average freshness [177]
Successful transmission
probability [162], [164]
Delivery success rate [114], [187]
Dela [2], [24], [46], [47], [49], [50], [117], [119], [124], [133], [134], [152], [154],
Y [168], [173], [207], [219]
Network
Network throughput [29], [43], [116], [119], [131], [135], [137], [142], [178], [190], [215]
lated
reate Spectral efficiency [115], [121], [139], [140]
metrics.
Coverage probability [178], [210], [217]
Outage probability [128], [131]
Network traffic [11], [96], [156], [209], [211]
Cost [11, [31, [50], [134], [168], [177], [179], [187]
Revenue [122], [138]
Other Utility / Reward [27], [401, [138], [143], [172], [213]
metrics Offloading efficiency [133], [179]
Execution/ Run time [144], [175], [197]
Security breach cost [471, [189]

In edge caching techniques, edge servers store the fre-
quently accessed IoT data and transmit them upon user
requests [177]. However, unauthorized access at the edge
nodes can disrupt overall industrial operation. Therefore, the
adoption of stringent security protections and robust con-
trolling mechanisms are also critical for edge nodes of an
industrial IoT network. Furthermore, an edge node can also
serve as a gateway for low-latency and reliable connectivity
of the heterogeneous IoT entities.

E. HEALTHCARE APPLICATIONS

The proliferation in wearable devices and wireless sensor
communications have introduced diverse smart healthcare
services [226], [227]. The wearable devices are capable
of monitoring physiological signals, which helps to assess
patient’s condition. Moreover, the emerging solutions are
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anticipated to support mobile and real-time monitoring of
cricitcal patients. These solutions require high data rate, ded-
icated channel bandwidth, and faster data acquisition and
processing [228]. Therefore, enormous data will be generated
to ensure smooth and remote services irrespective of patient’s
address.

If these applications utilize caching, health data can be
stored at the edge nodes and redundant transmissions can be
avoided. In addition, caching also helps to improve service
availability, reduce communication overheads, and alleviate
network load.

F. SMART CITY APPLICATIONS

To fulfill the diverse requirements of modern lifestyle, smart
city has emerged as a key solution [219], [229]. The smart city
applications include smart energy utilization, supply chain
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management, eco-friendly waste disposal technique, online
education services, e-banking, and so on [229]. These appli-
cations are expected to transfer latency-sensitive and safety-
concern information to thousands of connected devices [230].
Cache-equipped systems can be exploited to address these
demands and reduce both traffic congestion and access
delay [219]. Moreover, caching can also address mobility,
scalability, and connectivity related concerns of a smart city.

G. OTHER APPLICATIONS

In addition, caching has been utilized in diverse real-life
applications. Smart home system has designed a centralized
framework for the operation of entertainment, lighting, air
conditioning, and security services in an apartment [23]. Fur-
thermore, intelligent transportation systems [231] and smart
grid operations [232] have exploited caching for optimal
system management.

IX. FUTURE RESEARCH CHALLENGES

Although recent studies [13], [14], [117] have explicitly
investigated diverse caching strategies and have reduced
energy consumption, a number of open issues still remain to
be addressed.

A. SYNERGY BETWEEN CACHING AND MEC FOR IloT
APPLICATIONS
Edge servers provide both computation and caching resources
for traffic offloading and content forwarding [133], [198].
In future, these edge nodes will disseminate information not
only to the cellular phones but also to hundreds of connected
sensors and smart devices, which will form IoT network [47],
[72]. Different applications, running on these devices, require
a considerable share of both data storage and computing
resources to serve user demands. Some of these applications
require very precised data and latency standards. In addition,
content freshness requirements ask for frequent cache update.
Dynamic approaches involving deep reinforcement learning
and markov decision process can help in designing optimal
distribution and management policy for the edge servers.
Although some of the existing studies [47], [119], [138]
have studies this problem, still the designing of low com-
plexity resource allocation models combining both MEC and
caching for IoT systems require further investigations.

B. ADAPTIVE AND INTELLIGENT MANAGEMENT OF
CACHING NODES

Next generation communication networks are expected to
handle thousands of applications and user requests [64], [68].
Cache-equipped network access nodes will store information,
which vary in terms of volume, value, data type, and complex-
ity. The intelligent strategies are expected to predict content
popularity, assess social relationship, and user mobility [5],
[73], [84], [233]. Therefore, edge nodes should cache and
update popular contents for faster content delivery. In future,
caching resource management techniques should incorporate
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dynamic and intelligent techniques, which will automatically
address individual requirements of diverse services.

C. GREEN APPROACHES FOR SECURE D2D CACHING
Content popularity [75] and mobility prediction [123], [234]
are indispensable parts of caching strategies. Sometimes
these lead to the acquisition of confidential and sensitive
personal data. Furthermore, D2D caching is also prone to
unauthorized access to the devices and content breach [22],
[235]. Therefore, robust security protection is essential for the
caching nodes. However, energy requirements and transmis-
sion latency also increase with the strength of the security
services [47]. Hence, future efforts should investigate green
content caching strategies while ensuring expected security
protections and QoE.

D. GREEN CACHING FOR 5G APPLICATIONS

5G networks aim to support real-time systems and low-
latency services, including industrial automation, tactile
Internet, vehicular traffic management, and virtual reality
applications [17], [21], [70]. Existing host-based networks
are not suitable for the fulfilment of these requirements. ICN
networks with caching capability and heterogeneous inter-
faces are anticipated to meet the conditions of low-latency
and reduced bandwidth utilization [59], [67]. Furthermore,
the edge nodes can provide flexibility to the indus-
trial operation and control process subject to guaranteed
security [68], [69].

In future, adaptive bandwidth allocation and social-
relationship aware content transmission can support the
latency-critical 5G applications. To mitigate the challenge of
excessive energy requirements, dynamic network link forma-
tion is expected to allocate the under-utilized resources to the
active users and serve the require content. This method will
not only substantially reduce delay and energy consumption,
but also ensure optimal resource utilization.

E. INTEGRATION OF CACHING AND OTHER RECENT
TECHNOLOGIES FOR ENERGY-EFFICIENT SYSTEM DESIGN
In recent years, a number of green approaches have been
introduced for next generation communication networks [4],
[54]. Among these approaches, caching has attained remark-
able attention of the research community [8], [34]. In an
integrated system, the utilization of caching and other modern
approaches can achieve further energy savings and improved
network performance. Some of these potential green solu-
tions are as follows.

1) SOFTWARE-DEFINED NETWORKING (SDN)

SDN introduces a logical and centralized controlling mecha-
nism for communication networks [124], [229]. In this pro-
cess, the control plane and the user plane are operated in a
separate manner. Exploiting centralized administration, SDN
provides an opportunity for dynamic adaptation of the chang-
ing network attributes [236].
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The integration of SDN along with caching can signifi-
cantly contribute to the optimal planning and management
of future networks. Moreover, the cumulative contribution of
these technologies can centrally control and monitor content
distribution at the network edges. Therefore, further improve-
ment can be achieved in energy savings, content transmission,
and content diversity.

2) NETWORK FUNCTION VIRTUALIZATION (NFV)

NFV technique decouples different networking services from
conventional hardware and utilize virtual machines to provide
same service using software [224], [237]. A server can oper-
ate multiple virtual machines and ensure optimal utilization
of resources. As a result, the deployment and configuration
process of these services become not only less time con-
suming but also efficient and cost-effective [237]. Even the
changes in user demands can be addressed instantly.

NFV and caching can be jointly utilized for the activation
of edge nodes considering user traffic demand. Therefore, the
system will be able to operate network resources optimally
and reduce carbon footprint of the network.

3) mmWave COMMUNICATION

For data transfer in future networks, mmWave commu-
nication is envisaged as a key technology [238]-[240].
This is because the originated narrow beam provides better
connectivity between the access nodes and the subscribers.
However, these connections have very small connectivity
duration, which cause repeated handoffs for moving sub-
scribers. Furthermore, mmWave communication has high
sensitivity [239], which often leads to pathloss because of the
random changes in the communication channel.

To overcome these shortcomings, optimal and energy-
efficient content allocation method can be introduced for
cache-equipped mmWave communication [238].
Qiao et al. [241] have already utilized caching at the small
cells to serve the handoff-subscribers using mmWave spec-
trum. Future studies should address the energy consumption
issues and reduce content redundancy in such systems.

X. CONCLUSION

This article presented a comprehensive survey and literature
review on the state-of-the-art research efforts related to green
content caching. Initially, we categorically analyzed existing
survey articles on caching and green communications. On the
basis of the analysis, we identified the research gaps, and
discussed the importance of a survey article on the energy
aspects of existing caching technologies. Caching-related
major considerations, including caching storage allocation,
popular content selection, and caching policy design were
also explicitly explained.

The strategies for green content caching were subdivided
based on resource allocation, resource management, and
renewable energy utilization. A detailed review on these
subdivisions highlighted major contributions, associated net-
work types, performance metrics, and solution methods of
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individual studies. This article also discussed the advance-
ments and utilization of caching technologies in next gen-
eration communication networks. However, green caching
solutions still confront different challenges while maintain-
ing the balance between network performance and energy
consumption. These challenges and future research directions
were also precisely identified for optimal caching strategy
design.
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