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Green data centers have become a central concern in computing
infrastructure management as organizations pursue energy efficiency
alongside environmental sustainability. In this study, an attempt is
made to conduct a bibliometric analysis to investigate the intellectual
structure, research trends, key contributors, and emerging themes in
green data center and computing energy efficiency scholarship. The
data were collected from the Scopus database using keywords “green
data center”, “green computing”, and “energy -efficiency” and
analyzed using VOSviewer to conduct co-occurrence analysis, citation
analysis, co-authorship analysis, institutional collaboration analysis,
and country collaboration mapping. The results show that green
computing, energy efficiency, and data centers form the core themes
linked with cloud computing, virtual machine consolidation, cooling
systems, and renewable energy integration. Based on citation analysis,
key contributions such as energy-aware resource allocation heuristics,
dynamic virtual machine consolidation algorithms, and thermal-aware
cooling strategies significantly influence the field. The collaboration
analysis demonstrates that the United States, China, India, and the
United Kingdom serve as major contributors to the global research
network, supported by a small group of highly prolific scholars, while
institutional affiliation reporting across the field remains fragmented
and generically labeled. Furthermore, thematic evolution indicates a
transition from infrastructure-level cooling and consolidation concerns
toward machine-learning-driven scheduling and carbon-aware
resource management. This study contributes by providing
comprehensive mapping of green data center research development
and identifying critical research gaps for future scholarship,
particularly in integrating renewable energy with intelligent workload
orchestration.
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1. INTRODUCTION

In the era of accelerating digital
transformation, data centers have become the

backbone of virtually all forms of computing
services, ranging from cloud platforms and
enterprise applications to large-scale artificial
intelligence workloads. As demand for
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computing capacity continues to expand, the
escalating  energy = consumption and
associated carbon footprint of data centers
have positioned energy efficiency as a
strategic priority rather than a peripheral
engineering concern. Green data centers have
emerged as critical infrastructure solutions
enabling organizations to reconcile the
growth of digital services with environmental
sustainability commitments and operational
cost containment. Recent system-dynamic
forecasting further indicates that data center
electricity needs continue to rise in step with
digital service usage, reinforcing the urgency
of coordinated energy-efficiency research [1].

Green data center research has
become an important area within computing
energy efficiency scholarship, particularly in
understanding resource allocation,
virtualization, and cooling mechanisms [2].
Historically, data center energy management
concentrated primarily on hardware-level
power reduction; however, the proliferation
of cloud computing has fundamentally
reshaped the scope of energy efficiency
research [3]. Contemporary studies now
integrate =~ dynamic  virtual = machine
consolidation, renewable energy integration,
and intelligent thermal management to build
comprehensive frameworks capable of
minimizing energy use while preserving
quality of service

Bibliometric studies have
increasingly become a useful approach to
knowledge discovery in computing and
engineering research [4]. They provide a
systematic methodology for examining
publication patterns, citation networks, and
collaboration structures to understand how
knowledge develops within research
domains. However, despite the strategic
importance of green data centers and the
substantial volume of academic research
addressing energy-efficient computing, no
comprehensive bibliometric analysis of this
specific research landscape currently exists.

Although many studies have
investigated various aspects of data center
energy efficiency, including virtual machine
consolidation [5]-[6], cooling technologies [7],
[8], and renewable energy integration [9], [10],

there is still no systematic bibliometric
analysis of the complete research landscape
connecting these strands. This fragmentation
creates significant knowledge gaps regarding
the intellectual structure of green computing
research, the interconnections between
infrastructure and algorithmic themes, and
scholarly attention patterns across different
technological dimensions.

The multidisciplinary nature of green
data center research adds further complexity.
Contributors  span  computer  science
departments, electrical engineering faculties,
and specialized cloud computing research
groups publishing across diverse venues. The
rapid pace of technological change has
accelerated the evolution of research agendas
as workload scheduling algorithms [11], [12],
cooling architectures [8], and carbon
accounting methods [13] mature and become
practically viable for large-scale data center
deployment.

To address these research gaps, this
study conducts a comprehensive bibliometric
analysis of green data center and computing
energy  efficiency literature  through
systematic examination of peer-reviewed
publications indexed in Scopus. Advanced
visualization techniques reveal intellectual
structures, identify influential publications
and authors, visualize collaboration patterns,
demonstrate geographic research
distribution, and illustrate the temporal
evolution of research themes. These findings
provide a structured mapping of the research
landscape that enables future researchers to
understand the field’s development and
identify promising avenues for scholarly
contribution.

2. METHODS

In this research, the design of a
bibliometric study is used to analyze the
scientific literature on green data centers and
computing energy efficiency. Bibliometric
methodology  provides a  systematic,
quantitative  approach  for examining
knowledge structure and research evolution
through analysis of publication patterns,
citation  networks, and collaboration
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structures within specific research domains
[4]. Bibliometric analysis enables researchers
to quantify research productivity, track
intellectual evolution, identify emerging
research frontiers, and map knowledge
structures without relying on subjective
interpretation of individual studies.

The bibliometric approach was
selected for this study because it offers several
distinct advantages over traditional literature
review methods. First, bibliometric analysis is
objective and quantifiable, providing
numerical evidence of research trends and
patterns. Second, it enables large-scale
analysis of thousands of publications
simultaneously, providing a comprehensive
landscape overview impossible through
manual review. Third, network visualization
through bibliometric tools reveals intellectual
connections and knowledge structures that
are not apparent through conventional
methods. Finally, bibliometric findings
complement traditional literature review
approaches and provide a systematic
foundation for identifying research gaps and
future directions.

The main source of data for this
research is the Scopus database, selected for
its comprehensive coverage of peer-reviewed
journals and conference proceedings across
computer science, electrical engineering, and
sustainable computing disciplines. The search
strategy  utilized
combinations including “green data center”,
“green computing”, “energy efficiency”,
“data center cooling”, and “virtual machine
consolidation” applied to titles, abstracts, and
keywords. Boolean operators (AND, OR)
were used to refine searches and ensure
relevant document retrieval. Publications up
to 2026 were included to capture the research

multiple  keyword

development trajectory and contemporary
scholarship reflecting both foundational and
emerging perspectives in the field.

Document selection followed specific
inclusion and exclusion criteria to ensure
research quality and relevance. Inclusion
criteria encompassed: (1) peer-reviewed
journal articles and conference proceedings,
(2) publications explicitly addressing green

data centers, energy-efficient computing, or
related infrastructure technologies, (3)
publications in the English language, and (4)
publications addressing
management, cooling, virtualization, or
renewable energy applications within data
center contexts. Exclusion criteria eliminated:
(1) non-peer-reviewed sources, (2)
publications addressing energy efficiency
without explicit computing or data center

resource

focus, (3) publications in non-English
languages, and (4) editorials, commentaries,
or opinion pieces without empirical content or
theoretical framework.

Data analysis and visualization were
performed using VOSviewer software, which
is specifically designed for constructing and
visualizing bibliometric networks [14].
VOSviewer is widely recognized as the
leading software for creating publication-
based and citation-based bibliometric
networks and is extensively utilized in
bibliometric  research  across multiple
disciplines. The software enables network
visualization where nodes represent research
elements (keywords, authors, institutions,
countries) and connections represent
relationships (co-occurrence, co-authorship,
citation) between elements.

This study employed five
complementary bibliometric analyses, each
providing unique insight into the research
landscape. Keyword co-occurrence analysis
identified major research themes and
conceptual relationships by measuring how
frequently different keywords appear
together in abstracts and titles. Citation
analysis recognized the most influential
publications by counting citation frequencies
and tracing intellectual influences shaping the
field. Co-authorship analysis visualized
researcher collaboration patterns through
networks showing which scholars collaborate
frequently. Institutional affiliation mapping
showed research organization connections
and identified leading research departments
and institutions. Geographic analysis
examined country-level contributions and
international collaboration patterns.
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3. RESULTS AND DISCUSSION
3.1 Keyword Co-Occurrence Network
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Figure 1. Network Visualization
Source: Data Analysis Result, 2026

The keyword co-occurrence network
of green data center and computing energy
efficiency research is presented in Figure 1.
This network visualization illustrates the
relationships among major concepts and
intellectual linkages that characterize the
field. In VOSviewer network visualization,
the size of each node (circle) reflects the
frequency of keyword occurrence in the
literature larger nodes indicate keywords
appearing in more publications. The thickness
of connecting lines represents the strength of
co-occurrence relationships between concepts
thicker lines indicate keywords that
frequently appear together in abstracts and
titles, suggesting conceptual relationships.

Analysis of the network reveals five
distinct thematic clusters that represent
different research perspectives on green data
centers and computing energy efficiency. The
first cluster (red, sustainability and policy
theme) centers on energy efficiency and green
computing themselves and extends to carbon
footprint, carbon, green data centers,
renewable energy, energy conservation,
sustainable development, and environmental
impact, reflecting research that frames

energy-efficient
organizational and environmental
commitment. The second cluster (blue,
physical infrastructure theme) concentrates
on data centers, data center, datacenter,
cooling systems, cooling, thermoelectric
equipment,
representing research addressing the physical
and thermal engineering foundations of green
facilities. The third cluster (yellow, scheduling

computing as an

and power consumption,

and service quality theme) covers scheduling,
voltage scaling, dynamic frequency scaling,
green clouds, service level agreements, and
multitasking,  capturing  research  on
algorithmic control of energy-performance
trade-offs. The fourth cluster (green, cloud
and virtualization theme) is the largest on the
right-hand side of the map and comprises
cloud computing, virtual machine, virtual
machine consolidations, virtual machine
placement, quality of service, resource
allocation, network security, and energy
aware, reflecting research on virtualized
infrastructure management. The fifth cluster
(purple, intelligent optimization theme) is
smaller and more recent, containing machine
learning, reinforcement learning, energy-
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consumption, and cloud-computing,
signaling an emerging data-driven approach
to energy management.

This clustering pattern indicates that
green data center research has become
increasingly  multidisciplinary, spanning
environmental policy, mechanical and
thermal engineering, distributed systems
algorithms, and, more recently, artificial
intelligence. Rather than representing
fragmentation, the five clusters reflect the
genuine complexity of building energy-
efficient computing infrastructure, which
requires the simultaneous management of
physical cooling loads, virtualized workload
placement, and organizational sustainability
targets. Recent additions to the indexed
literature substantiate the specific content of
these  clusters. ~Within the  physical
infrastructure cluster, comprehensive surveys
of data center cooling technologies have
consolidated decades of thermal-
management practice into unified control-
strategy frameworks [8], while dedicated
reviews of cooling strategies specifically for
data centers highlight the persistent centrality

carbon

a s green daga centers.

renewable energy

&

energy caiservation

data handling * -

energy management
sustainableidevelopment

et T N
deggrrers . energygfficieey

—_—— -
Pprogram processors green wutlng virtualireality,
b »

@ coolingsystems

datagenter b

thermoelecttic.equipment energy

codling

reinforcement learning

-
distributed cofiputer systems
.

@
carbongieotprint

environmeptal impact

datacenter power consumption

of thermal design [7]. Within the
sustainability cluster, studies increasingly
model data centers as “prosumers” that can
both consume and supply energy to district
heating systems, integrating renewable
sources and waste-heat reuse [9], extending
earlier modelling reviews of renewable
energy integration in data centres [10].
Parallel ~ developments  bridging  the
cloud/virtualization and intelligent
optimization clusters appear in studies
applying ant colony optimization to
consolidate virtual machines for green cloud
computing [15] and in adaptive energy-aware
algorithms that jointly minimize service-level
agreement violations and power consumption
[12]. Broader modelling work that treats
overall data center energy consumption as an
optimization target in its own right [16]
further connects the physical-infrastructure
and scheduling clusters into a single
optimization
contributions confirm that the five clusters
identified through co-occurrence analysis
represent active, expanding research fronts
rather than static categories.
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Figure 2. Overlay Visualization
Source: Data Analysis Result, 2026

Figure 2 depicts the temporal
evolution of keywords in green data center
and computing energy efficiency research
through the overlay visualization approach in

VOSviewer. This visualization technique
overlays a color gradient on network nodes,
where colors indicate the average publication
year of each keyword: purple and dark blue
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colors represent earlier research themes
(around 2018), teal and green colors represent
intermediate-period themes (2019-2020), and
yellow colors represent the most recent
research themes (2021-2022).

The themes from earlier research,
depicted in purple and dark blue, consist of
foundational algorithmic and infrastructural
concepts including data centers, distributed
computer systems, integer programming,
scheduling, resource utilizations, quality of
service, service level agreements, voltage
scaling, and dynamic frequency scaling.
These established themes correspond to the
formative period of green computing
research, when energy efficiency was
primarily framed as a scheduling and
hardware-control problem. The intermediate
period, shown in teal and green, includes
energy efficiency, green computing, cloud
computing, carbon footprint, cooling,
network security, virtual machine, energy
efficient, green data centers, and renewable

g& VOSviewer

energy, indicating that the field broadened
toward virtualization and environmental
framing during this period.

The emergence of contemporary
topics in yellow shades reveals a significant
shift in research focus toward the end of the
study period. These newer themes include
datacenter, power consumption, energy-
consumption, machine learning,
reinforcement learning, cloud-computing,
and virtual machine placements. This
temporal visualization demonstrates that
green data center research has progressively
evolved from traditional scheduling and
hardware engineering perspectives toward
data-driven, machine-learning-based
optimization of energy consumption. The
appearance of reinforcement learning and
machine learning specifically in the most
recent period reflects the broader trend of
applying intelligent, adaptive algorithms to
workload placement and cooling control once
static heuristics reach their practical limits.

Figure 3. Density Visualization
Source: Data Analysis Result, 2026

Figure 3 presents the density
visualization, = which  highlights  the
concentration and intensity of research
themes in green data center and computing
energy efficiency scholarship. The VOSviewer
density map displays research concentration
intensity through a color gradient, where

brighter yellow regions indicate high research
density and cooler green/blue colors indicate
lower densities. Research density is calculated
based on keyword occurrence frequency and
co-occurrence patterns.

The brightest yellow area is centered
directly on energy efficiency and green
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computing, confirming that these two terms
function as the conceptual core of the entire
research domain and command the most
sustained scholarly attention. A secondary,
slightly less intense yellow-green region
surrounds cloud computing, indicating that
virtualized service delivery is the dominant
application context in which energy efficiency
is studied. Moderate-density green regions
surround data centers, data center, virtual
machine, and network security, representing
well-established but comparatively narrower
sub-themes. Lower-density blue and green
regions at the periphery of the map, including
thermoelectric
equipment, virtual reality, virtual machine

integer programming,

3.2 Co-Authorship Analysis
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placements, and machine learning, represent
emerging or comparatively understudied
areas. This density pattern identifies concrete
research opportunities at the intersection of
thermal hardware innovation and intelligent,
learning-based workload placement, where
substantial scholarly attention has not yet
accumulated. These research-attention trends
parallel independent
monitoring efforts, such as the tracking of

policy-driven

data center energy consumption under the
European Code of Conduct for Data Centre
Energy Efficiency [17], lending external
validation to the temporal patterns visualized
through keyword density.
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Figure 4. Author Visualization
Source: Data Analysis Result, 2026

Figure 4 illustrates the co-authorship
network among researchers contributing to
green data center scholarship. In this network
visualization, node size  represents
publication volume, with larger nodes
indicating more prolific authors who have
published more frequently on green
computing and data center energy efficiency
topics. Connection lines between nodes show
co-authorship  relationships, and line
thickness represents collaboration frequency

thicker lines indicate researchers who have
co-authored multiple publications together.
The network is dominated by a single
exceptionally large and well-connected node,
Buyya, Rajkumar, whose central position and
dense connections to Zomaya, Albert Y.,
Shojafar, Mohammad, Bouvry, Pascal,
Arroba, Patricia, and Ashraf, Adnan confirm
his role as the most prolific and intellectually
central author in the field, consistent with his
authorship of several of the most highly cited
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works identified in the citation analysis [2],
[5], [6] Adjacent to this core cluster, a second
well-connected community centered on Liu,
Zhiyong, Min, Geyong, and Li, Keqin is linked
to the Buyya cluster and to a further group
comprising Orgerie, Anne-Cecile, Oleksiak,
Ariel, Vasilakos, Athanasios V. and He,
Sailing through thin bridging connections,
indicating limited but present cross-
community knowledge exchange.

Beyond this connected core, the
network displays several entirely
disconnected clusters, including a group led
by Jiang, Congfeng together with Liu, Fagui,
Li, Jian, and Vyatkin, Valeriy; a small cluster
around Anghel, Ionut and Jiang, Tao; a cluster
centered on Ding, Zhaohao with Li, Lin, Lj,

@y department of._@'nputer science

‘ », VOSviewer

Chao, and Fan, Guisheng; and an isolated
pair, Ahuja, Nishi and Xu, Jialiang, with no
visible connection to the rest of the network.
The coexistence of one dominant, densely
interconnected research community
alongside numerous small, isolated author
groups indicates that green data center
research has produced a small number of
highly influential intellectual leaders while
the majority of scholarly contributions remain
scattered across loosely connected or
independent research teams. This pattern
suggests substantial room for stronger
international and cross-institutional co-
authorship to consolidate the field’s
fragmented expertise.

college of infofggRation science

Figure 5. Institution Visualization
Source: Data Analysis Result, 2026

Figure 5 illustrates the institutional
collaboration network among universities
and research organizations contributing to
green data center scholarship. Node size
reflects institutional publication volume, with
larger nodes representing organizational
units that have produced more publications
on green computing and data center energy
efficiency topics. Connection lines between
nodes represent collaborative relationships
evident through co-authored publications

involving  researchers from  different
organizational units.

In contrast to the country- and
author-level networks, the institutional
network is strikingly sparse. The map is
dominated by a single generic label,
“department of computer science”, which
forms a moderately sized node connected
only to a small nearby cluster of similarly
generic units and to one distant node, “college
of information science”, through a single long,
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thin arc. No specific university names appear
as major nodes. This pattern indicates that
author affiliations in the underlying Scopus
records are predominantly reported at the
level of generic departmental names rather
than distinct, identifiable institutions, which
substantially limits the ability of bibliometric
mapping to reveal genuine inter-university
collaboration structures in this field. The near-
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absence of a rich institutional network,
despite the presence of a dense author-level
collaboration core, suggests that formal
institutional  partnership tracking and
standardized affiliation metadata remain
underdeveloped in green data center
scholarship and represent a methodological
gap for future bibliometric and science-
mapping studies.
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Figure 6. Country Visualization
Source: Data Analysis Result, 2026

Figure 6 presents the country
collaboration network, mapping the global
distribution and cooperation patterns in green
data center and computing energy efficiency
research. Node size represents research
contribution volume from each country, with
larger nodes indicating greater publication
output, while connecting lines represent
international collaboration evident through
co-authored
researchers from different countries, with line
thickness indicating collaboration frequency.

The geographic analysis reveals

publications involving

pronounced research concentration in the
United States, which represents the largest
and most centrally connected node in the
network, linked to nearly every other country
as well as to two distinctive small nodes, Chile
and Intel Corporation, the latter indicating

that industry affiliations are occasionally co-
mingled with country-level bibliometric
records and pointing to direct industry-
academia collaboration in this domain. China
forms the second-largest node and maintains
a dense sub-network with South Korea, Japan,
Hong Kong, Malaysia, and Pakistan, while
Macao appears only as a satellite connected
exclusively to China, suggesting a narrower,
regionally contained collaboration channel.
India constitutes another major hub,
forming a distinct, tightly interconnected
cluster with the United Kingdom, Canada,
Italy, and several smaller European and
Middle  Eastern  nations, including
Uzbekistan, Bahrain, Hungary, and the
Russian Federation. The United Kingdom
cluster further extends to Sweden, Ireland,
Greece, Spain, Portugal, and Iceland,
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reflecting  active  European  research
collaboration on data center sustainability,
while Israel, Mexico, and Uruguay appear as
smaller, moderately connected nodes
bridging these regional groups. Notably
underrepresented are most African and Latin
American countries, with only Chile and
Ecuador appearing as peripheral nodes,

indicating a significant geographic gap in the

3.3 Citation Analysis

global distribution of green data center
research despite the relevance of these
regions’ growing digital infrastructure and
renewable energy potential. The overall
pattern confirms that current scholarship on
computing energy efficiency remains
concentrated among established digital
economies in North America, East Asia, South
Asia, and Europe.

Table 1. Top Cited Research

Citations | Authors and year Title
2503 2] Energy-aware resource allocation heuristics for efficient
management of data centers for Cloud computing
Optimal online deterministic algorithms and adaptive heuristics
1666 [5] for energy and performance efficient dynamic consolidation of
virtual machines in Cloud data centers
709 (18] Green cloud computing: Balancing energy in processing, storage,
and transport
686 [19] Energy efficient resource management in virtualized cloud data
centers
HealthFog: An ensemble deep learning based Smart Healthcare
668 [20] System for Automatic Diagnosis of Heart Diseases in integrated
IoT and fog computing environments
ESE: Efficient speech recognition engine with sparse LSTM on
640 [21]
FPGA
540 [3] Energy-efficient cloud computing
Energy efficiency in cloud computing data centers: a survey on
442 [22] )
software technologies
408 (6] Energy efficient allocation of virtual machines in cloud data
centers
385 7] A review of thermal management and innovative cooling
strategies for data center

Source: Scopus, 2026

Table 1 presents the ten most-cited
publications retrieved from the Scopus
dataset on green data centers and computing
energy efficiency, highlighting the works
most influential in shaping the field. The
dominance of publications co-authored by
Beloglazov and Buyya at the top of the
ranking reflects how significantly their
energy-aware resource allocation and virtual
machine consolidation heuristics have shaped
subsequent research on green cloud data
centers.

The highest-cited work [2] proposes
energy-aware resource allocation heuristics
for cloud data centers, reflecting scholarly
consensus that workload-aware allocation of

virtual resources is the most consequential
lever for reducing energy consumption
without degrading service quality. The
second-ranked work [5] extends this with
optimal online and adaptive heuristics for
dynamic virtual machine consolidation,
confirming consolidation-based strategies as
the field's central algorithmic paradigm.

The presence of [18] reflects growing
recognition that energy efficiency in cloud
computing must be balanced across
processing, storage, and network transport,
not just the server level. Related resource-
management studies [19] and [6] show that
foundational heuristics from around 2010
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continue to anchor the field over a decade
later.

Application-focused works,
including a fog-computing-based healthcare
system [20] and an FPGA-based speech-
recognition engine, indicate that energy-
efficient architectures are increasingly seen as
enabling infrastructure for Al and edge-
computing applications rather than an
isolated concern. Broad surveys [3] and [22]
consolidate fragmented technical knowledge
into accessible references, explaining their
sustained relevance among practitioners and
newcomers. A more recent systematic survey
of energy-efficient techniques across the
sustainable cloud stack [23] continues this
synthesis role, reflecting ongoing demand for
updated guidance as the field expands.

The temporal pattern shows a progression
from foundational resource-allocation and
virtualization concepts (2010-2012) toward
applied and survey-oriented contributions
(2017-2022), consistent with the keyword
evolution seen in the overlay and density
visualizations. The sustained relevance of the
review on thermal management and cooling
strategies confirms that physical
infrastructure and thermal engineering
remain essential companions to algorithmic
energy-efficiency research.

Beyond Table 1, the broader corpus
suggests momentum building around
renewable energy integration and learning-
based optimization. Reviews modelling data
centers within renewable and district energy
systems [9], [10] extend the sustainability
cluster in Figure 1 toward energy-system
integration.  Studies on ant colony
optimization for VM consolidation [15]
adaptive scheduling minimizing power and
SLA violations, and large-scale
environmental-footprint  accounting  [13]
show the field shifting from demonstrating
algorithmic feasibility toward optimizing
system-level trade-offs and quantifying real-
world impact. Comprehensive surveys on
energy efficiency in large-scale distributed
systems and on cooling system control
strategies situate these contributions within a
continuous, decade-long trajectory of green
computing scholarship.

4. CONCLUSION

The present bibliometric analysis
provides a comprehensive mapping of green
data center and computing energy efficiency
research, revealing an intellectually mature
field that integrates physical infrastructure
engineering, distributed systems algorithms,
and, increasingly, data-driven optimization.
The identification of five distinct research
clusters demonstrates that green computing
scholarship operates as a genuinely
multidisciplinary enterprise incorporating
perspectives from thermal and electrical
engineering,  cloud  computing  and
virtualization, environmental sustainability,
and, most recently, artificial intelligence.
Rather than representing fragmentation, this
multidisciplinarity =~ reflects the genuine
complexity of building energy-efficient
computing infrastructure that cannot be
addressed through single-discipline
approaches alone.

The temporal evolution from
foundational scheduling, hardware-control,
and virtual-machine-consolidation research
toward machine-learning-driven, carbon-
aware resource management indicates that
research agendas in this field respond
relatively quickly to the practical maturation
of new algorithmic capabilities. This
progression reflects a growing scholarly
recognition that static heuristics for workload
placement and cooling control reach
diminishing returns as data centers scale,
motivating increased reliance on adaptive,
learning-based = approaches. However,
research has not yet fully addressed critical
questions regarding the integration of
intermittent renewable energy sources with
real-time workload scheduling, the long-term
reliability of learning-based control systems
under  unpredictable  demand, and
standardized methods for accounting the full
life-cycle carbon footprint of computing
hardware.

Co-authorship analysis reveals both
strengths and limitations in the field’s
collaborative structure. The presence of one
exceptionally large and well-connected
author community, anchored by Rajkumar
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Buyya and his frequent collaborators,
demonstrates that the field possesses
recognized intellectual leadership capable of
setting sustained research agendas. At the
same time, the coexistence of numerous small,
disconnected author clusters indicates that a
substantial share of scholarly contribution
remains scattered across independent, loosely
connected  research  teams,  limiting
opportunities  for cross-fertilization of
infrastructure-level and algorithm-level
expertise. The institutional collaboration
network is comparatively underdeveloped,
dominated by generic departmental labels
rather than clearly identifiable universities,
suggesting that improved affiliation metadata
standardization would substantially
strengthen future bibliometric mapping of
this field.

Geographic research distribution
reveals both strengths and limitations in
current scholarship. Research concentration
in the United States, China, India, and the
United Kingdom, together with active
regional sub-networks across East Asia and
Europe, means current scholarship reflects
particular institutional research traditions,
energy-market contexts, and regulatory
environments prevailing in these regions. The
presence of a private-sector node, Intel
Corporation, within the country-level
network signals meaningful industry-
academia collaboration but remains an
exception rather than a widespread pattern.
Notably underrepresented African and Latin
American countries represent significant
geographic gaps, potentially indicating
missed opportunities for studying green data
center implementations in regions with
substantial renewable energy potential and
rapidly growing digital infrastructure
demands.

Citation analysis confirms that
energy-aware resource allocation and
dynamic virtual machine consolidation
heuristics developed by Beloglazov, Buyya,
and collaborators constitute the field’s
foundational theoretical core, while more
recent highly cited contributions addressing
thermal management, application-specific
efficiency, and comprehensive technology
surveys indicate that the field continues to
consolidate and extend this algorithmic
foundation across new application domains.
The rapid accumulation of citations for recent
survey-style publications
quickening scholarly demand for synthesized,

indicates

accessible knowledge as the underlying
technical literature continues to expand.

This bibliometric analysis contributes
a systematic understanding of the green data
center and computing energy efficiency
research landscape through comprehensive
mapping of research themes, collaboration
patterns, and intellectual evolution. The study
identifies critical research gaps and proposes
future research directions. Future scholarship
should integrate the mature algorithmic
understanding of virtual
consolidation and resource scheduling with
sophisticated, real-time integration of

machine

renewable energy sources, while addressing
critical questions about the reliability,
transparency, and equitable geographic
distribution of green computing innovation.
As the field continues to evolve, maintaining
a balance between algorithmic optimization
and physical infrastructure innovation will be
critical ~for ensuring that research
contributions translate into measurable
reductions in the environmental footprint of
global computing infrastructure.
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