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Abstract 

Cloud Computing has recently become an important driver for IT service provisioning. In addition 
to its associated benefits for both customers and IT service providers, cloud computing also comes 
along with new challenges. One of the major challenges for providers is to reduce the energy 
consumption, since today already more than fifty percent of operational costs in data centers 
account for energy. A possible way to reduce these costs is to distribute load in terms of virtual 
machines within the data center. Developing algorithms for this purpose has been a topic of recent 
research. In order to capture the state of the art of energy efficient load distribution in clouds, this 
paper presents a structured literature review on load distribution algorithms that aim to reduce the 
energy consumption in data centers for cloud computing. The algorithms are reviewed in terms of 
their type, their evaluation method and their potential side effects in terms of drawbacks. 

1. Introduction 
In recent years, IT has become an important factor for increasing energy demand. Especially with 
the rise of cloud computing, large data centers have been built. These consume huge amounts of 
energy which cause high operational costs. Current studies have shown that the energy 
consumption of data centers increased by 56% from 2005 to 2010 [1]. Given that more than fifty 
percent of the overall costs in data centers account for energy, it is eligible for data center operators 
even to slightly decrease the energy consumption since this can have a significant impact on their 
profitability [2]. While data centers have several energy consuming components, such as for 
example cooling and ventilation, a major source of energy waste is the inefficient usage of 
computing resources [3]. An important method that can reduce the overall energy consumption is 
using load distribution within a data center by migrating virtual machines [2]. Since in clouds the 
resources used by customers are scaled according to their current demand, distributing load is very 
important. Thereby, load distribution is one of the major challenges that cloud data centers need to 
face [4]. In recent years, numerous algorithms for distributing load in clouds have been developed, 
many of these with the aim to reduce energy consumption. These algorithms apply different 
techniques in order to save energy: as an example, some algorithms use techniques such as a rule-
based migration of virtual machines [5] while other algorithms rely on genetic programming [6]. 
Hence, there are multiple approaches to reduce energy consumption in data centers. An analysis of 
such algorithms can help to classify different types and techniques of algorithms and to identify 
potential side effects, for example in terms of negative effects on the availability of a service. In 
addition, the methods that are applied to evaluate the algorithms can be identified in order to point 
out gaps in current research. 

1.1. Research Question 

In order to be able to classify algorithms that can be applied to reduce energy consumption in data 
centers, the first research question that is to be answered in this paper is: 
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RQ1: Which types of load distribution algorithms are used in order to reduce the energy 
consumption in data centers for cloud computing? 

The advancements of these algorithms need to be demonstrated. Although there is no standardized 
method for this, there are different approaches for evaluating load distribution algorithms, such as 
mathematical models, simulation approaches or testbeds [7]. These methods may not be applicable 
in real cloud environments: for example, assumptions made in simulation approaches may be too 
simplistic and thus limited in their applicability [7]. In order to comprehend the most common 
evaluation method for energy efficient load distribution algorithms and in order to identify possible 
weaknesses of these methods, the second research question of this contribution is: 

RQ2: How are the improvements of energy consumption evaluated? 

Load distribution can have drawbacks. For example, the migration of a virtual machine between 
two different physical servers can affect the performance and hence result in higher response times. 
This in turn can lead to violations of service level agreements (SLA) and thus result in contractual 
penalties. Investigating potential side effects is thus an important factor when designing or 
analyzing algorithms. Therefore, the third research question aims to identify such side effects: 

RQ3: Have side effects been investigated and, if yes, which side effects have been described?  

In order to answer those research questions, a structured literature review is conducted. 

2. Related Work 
There is only little literature on the systematic analysis of energy efficient load distribution 
algorithms in clouds. In [8], a survey on and analysis of resource scheduling algorithms is 
presented. However, energy efficiency is only marginally considered in this paper since it is not its 
focus. In publications that deal with the development of new algorithms, comparisons are made 
with other algorithms in general. However, these usually do not include a systematic analysis of 
other algorithms, such as in [9]. Some papers do provide more detailed information about other 
algorithms, but focus on very specific types of algorithms, such as the Ant Colony Optimization 
algorithm presented in [10]. 

3. Literature Review 
According to [11], a literature review consists of the four steps material collection, descriptive 
analysis, category selection and material evaluation. The material collection defines the material 
that is to be collected. The descriptive analysis provides an evaluation of formal aspects of the 
material. The category selection defines structural dimensions that are used to analyze the collected 
material. The material evaluation comprises the evaluation of the material and an interpretation of 
the results. Before the review is carried out, the delimitations of this study are presented. 

3.1. Delimitations 

This literature review is a representative study that aims to identify relevant research outcomes with 
respect to the research questions defined in section 1. Therefore, a set of criteria was defined to be 
able to select relevant publications. In order to be recognized as relevant, a publication needs to 
meet all inclusion criteria (I) while not meeting any of the exclusion criteria (E). Table 1 lists all 
criteria that were used to determine the relevancy of a publication. 

Inclusion Criteria Exclusion Criteria 

I1 The publication is written in English. E1 The algorithm requires a specific hardware 
configuration. 

I2 The paper is published in a proceeding E2 The algorithm is designed for a specific 
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or journal. problem, for example MapReduce. 

I3 The publication describes an algorithm 
that aims to reduce energy consumption. 

E3 The algorithm does not have an emphasis 
on energy efficiency. 

I4 The algorithms’ setting is a cloud 
computing environment. 

E4 The publication does not clearly describe 
the functionality of the algorithm. 

I5 The publication is in the form of a 
completed research paper. 

E5 The publication does not clearly describe 
the evaluation of the algorithm. 

E6 The algorithm requires all information a 
priori in order to distribute load. 

Table 1: Inclusion/Exclusion Criteria 

3.2. Material Collection 

In order to identify relevant research outcomes, a structured keyword search was conducted. The 
applied search term, the time frame investigated in the context of the search, and the queried 
databases are listed in Table 2Table 1. 

Parameter Value  

Search term energy efficiency OR energy efficient OR energy conservation OR energy 
aware OR green it OR green computing OR green ict OR energy saving OR 
sustainable OR sustainability OR energy consumption OR power consumption 
OR power management OR energy costs 

AND 
(load balancing OR load distribution) OR ((vm OR virtual machine) AND 
(migration OR allocation OR provisioning OR scheduling OR placement)) OR 
live migration OR capacity management OR resource management 

AND 
cloud computing OR infrastructure as a service OR software as a service OR 
platform as a service OR iaas OR sass OR paas OR cloud OR data center OR 
data centre 

Time frame 2008 – 2014 

Databases ACM Digital Library, AIS Electronic Library, Computing Research Repository, 
Directory Of Open Access Journals, Ebsco Host, ScienceDirect, Emerald, IEEE 
Xplore Digital Library, JSTOR, Oxford Computer Journal Database, Palgrave 
Macmillan, SpringerLink, Taylor & Francis Online, Wiley Online Library, WISO 

Table 2: Parameters of the literature review 

The period of search covers the years from 2008 to 2014. The beginning of the period was set to 
2008 since this is the year in which Amazon introduced its cloud platform EC2 and thus made 
cloud computing a popular topic. The major databases (according to [12]) have been selected for 
the search. The applied search term as shown in Table 2 is split into three parts. Each part describes 
a term that is relevant for this research including various synonyms. The first part consists of terms 
regarding energy consumption and energy savings. The second part includes synonyms for load 
distribution in terms of migrating or placing virtual machines.  The last part limits the search to 
cloud environments. Within the individual parts, the terms are connected with a Boolean OR. The 
three parts however are connected with a Boolean AND. Terms within the search query that consist 
of two or more words (such as “energy efficiency”) are treated as phrases. The querying with the 
search term was restricted to abstracts. If a database did not support this type of search, a full text 
search was applied. In order to decide whether a publication is relevant, its abstract was read. In the 
case that only a full-text search was possible (which was the case for SpringerLink), a title filtering 
was conducted before reading the abstracts. If the relevance of an article could not be determined 
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clearly, the entire article was read. The search query returned 1910 results. After the initial title 
filtering, the remaining abstracts were tested according to the criteria that are listed in Table 1. 
After this step, 125 publications remained. Subsequently, these articles were completely read and 
checked according to the criteria. As a result, 80 relevant publications remained. 

3.3. Descriptive Analysis 

The set of relevant publications comprises 80 papers. The distribution of these papers over the 
search period is presented in Figure 1. While there are only few publications located in the 
beginning of the search period, there is a strong increase in the number of publications in the 
subsequent years. This increased research attention indicates the constantly rising importance of 
energy efficient load distribution in data centers.  In addition, the high number of publications 
suggests that this topic is attractive to the scientific community and still has open questions. 

 

Figure 1: Number of publications per year over the reviewed time period 

The majority of the papers was published in proceedings (54 publications), the smaller part in 
journals (26 publications). The 80 publications spread over 63 different outlets. Therefore, leading 
publication outlets are hard to identify. In fact, this relatively equally distribution shows the wide 
acceptance of this topic in research. 

3.4. Category Selection and Material Evaluation 

Since this paper aims to examine algorithms for energy efficient load distribution in clouds as well 
as the applied evaluation method and side effects of the algorithms, the categories for the material 
evaluation are derived inductively while reviewing the material [11]. These categories are made up 
by the type of algorithm, the evaluation method and the investigated side effects. A total of 28 
different types of algorithms was identified and then grouped into 11 categories as shown in Figure 
2. The grouping was conducted based on the field of the algorithms. For example, the topics 
Reinforcement Learning [13] and Fuzzy Q Learning [14] appeared in the collected material and 
both belong to the field of machine learning. Therefore, the group Machine Learning was build. 

Static algorithms include simple threshold-based [15] and rule-based approaches [5]. All integer 
programming approaches such as Boolean Integer Programming [16] or Mixed Integer 
Programming [17] are grouped in *-Integer Programming. Machine Learning refers to algorithms 
that use Reinforcement Learning, Fuzzy Q Learning, or Learning Automata. *-Fit  comprises of 
algorithms that use Best Fit [18] or First Fit [19] approaches or modifications of these. In Bio-
inspired Computing, algorithms are aggregated that try to imitate their biological counterparts, for 
example genetic algorithms [20] or algorithms that apply ant colony optimization [21]. The 
category Misc represents independent types of algorithms that only appeared once in the collected 
material. An example from this category is an algorithm that uses Lyapunov optimization [22] or 
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an algorithm that uses Space Partitioning in order to distribute load [9]. The frequency of 
algorithms exceeds the number of publications because some papers, for example, introduce more 
than one algorithm [23] or combine different types of algorithms [24]. 

 

Figure 2: Frequency of Algorithms in publications grouped by the type of algorithm 

The majority of the publications seek to provide better solutions for the bin-packing-problem, 
meaning to provide a solution that is more energy efficient for placing virtual machines in a data 
center. While algorithms which were published at the beginning of the investigated time frame rely 
on simple techniques such as rule-based approaches [5] in order to do this, the algorithms are 
getting more complex over time, such as in [25] or [22]. Besides static algorithms, Linear 
Programming approaches and Multi-Objective optimizations are the most common 
implementations. In recent years, Bio-inspired computing has been gaining more attention. Most of 
the investigated algorithms work reactively. This means that they only react to specific situations, 
such as an overloaded server, in order to start a load distribution procedure [26]. It would be better, 
however, if the algorithms prevented such situations proactively, for example by using prediction 
methods in order to distribute the load according to a prediction, such as presented in [27]. This 
could help to use overbooking while simultaneously not decreasing the service level. However, 
only few algorithms use prediction approaches (confer figure 2). 

With regard to the second research question, namely how the improvement of the energy 
consumption is measured, the analysis showed that the majority of the algorithms is evaluated by 
simulation (67 publications). A much smaller proportion used test environments for evaluation (14 
publications). Only four publications conducted a purely mathematical evaluation of their proposed 
algorithm(s). The sum of evaluated publications exceeds the total number of publications since 
some algorithms were evaluated using multiple evaluation methods, such as in [28]. A major 
difference in the evaluation can be found in terms of the quality of the simulation. The majority of 
the authors do not use real data in order to strengthen the simulation results. Additionally, most 
algorithms are tested only with respect to one specific workload. Since the workloads can be 
unpredictable [29], it does not make sense to test against one specific workload only. Testing 
against a single workload shows the potential effect of an algorithm in a specific case, but does not 
allow to make conclusions about the general quality of the algorithm. Precisely, only 26% of the 
papers, such as [29] or [25], explicitly consider different types of workflows and thus demonstrate 
the suitability of their algorithm. Furthermore, only about half of these 26% use real workload data 
in order to evaluate their developed algorithm. 
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With regard to the third research question, the literature review has revealed that by far not all 
papers do consider side effects. In total, 33 publications at least mention side effects and claim that 
their investigation is highly relevant − in general, they refer to terms such as “SLA-violations” in 
order to describe side effects. In fact, only 28 papers seriously investigate side effects. The most 
investigated aspect in terms of (negative) effects of algorithms is performance (investigated in 14 
papers). But also response time (in 6 papers), availability (in 6 papers) and throughput (in 2 papers) 
are investigated. However, the investigations of these aspects are hardly comparable with each 
other because they mostly apply different, often self-defined metrics in order to determine the 
effects. In some cases, it is even questionable if the applied metrics are related to the side effect at 
all. For example, Khosravi et al. define SLA-violations as the number of rejected virtual machine 
requests [30]. This is not a suitable metric for SLAs or even for the availability of a service, which 
is apparently meant by this definition. Thus, this important aspect seems to be still ambiguous. 

4. Discussion 
The conducted literature review revealed a few weak points in in the research on load distribution 
in clouds. First of all, many papers do only consider low-load situations. For cloud environments, 
this is a problematic assumption since in clouds, the servers are usually higher utilized or the 
workloads are even unpredictable [29]. Furthermore, considering only a specific type of workload 
for an algorithm is problematic since workloads can vary significantly in clouds [31]. Therefore, 
these limitations are problematic regarding energy efficient load distribution in clouds. Secondly, it 
can be stated that the simulation-based evaluations of the individual papers are hardly comparable. 
A total of 69 papers used simulation in order to evaluate their contributions. Out of these, 37 used a 
proprietary development. Since it is often not clear how these proprietary tools are constructed or 
even how they estimate energy consumption, their results are difficult to compare. Seven papers 
did not use a proprietary tool, but instead each used a tool that in each case just occurred once in 
the collected material. Therefore, their results are also difficult to compare among each other. In 
total, 25 papers used CloudSim [32] for the evaluation. While these results are comparable with 
each other, the problem hereby is that CloudSim has not been developed for ascertaining the energy 
consumption in clouds. There are indeed components included for this purpose, but the 
implementation is very rudimentary: servers are the only energy-consuming components of a data 
center and in the servers, only the CPU consumes energy. Taking a look at the energy-consuming 
components of a data center (such as presented by Jing et al. in [33]), this approximation is too 
simplistic [34]. The validity of the results evaluated with CloudSim in terms of the overall energy 
consumption of a data center is thus at least questionable. Another problematic aspect is that in 
many evaluations, a homogenous infrastructure for the whole data center is assumed. In practice, it 
is unlikely that the entire infrastructure of the data center is completely homogeneous. This may be 
a realistic assumption for single clusters within a data center, but not for an entire data center. 
Therefore, this assumption cannot be made in practice. Summing up, it can be stated that these 
aspects that were not sufficiently considered should be taken into account in future research. 

5. Conclusion 
In order to capture the current state of the art of energy efficient load distribution algorithms in 
cloud data centers, a structured literature review was conducted. The number of results indicates 
that this is a highly relevant topic in current research. Thereby, the interest in energy efficient load 
distribution has significantly increased in recent years and it is likely that this trend will continue. 
The advantage of the investigated algorithms is their independence of technical aspects of data 
centers. The algorithms can work with different hardware configurations while not needing any 
information about the cooling status and can yet still reach their goals. In fact, the results of the 
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identified research outcomes indicate that the overall energy consumption can be reduced in most 
cases. Unlike other methods that can be used to save energy, such as Dynamic Voltage and 
Frequency Scaling or partial shutdowns, load distribution algorithms implicate an aspect of 
generality. Since data centers are very diverse, this generality makes the idea appealing. However, 
the literature review has also shown that several aspects have not been sufficiently considered in 
research yet. Although the review showed that the algorithms have become more complex over 
time and augur higher energy savings, the analysis also revealed that the evaluation needs to be 
improved in terms of simulation since there are still too many aspects left out. For example, the 
simulation tool for evaluation that is most commonly applied, CloudSim, only models the CPU as a 
energy consuming component in a data center. Evaluation tools that do not rely on CloudSim are 
often confronted with the problem that their results are not replicable. Therefore, both the 
comparability of the different results and the transferability of the results in practice are doubtful. 
These aspects must be addressed in future research. 
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