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Abstract 

Cloud computing represents on-demand network access to shared information technology 

resources. Thereby, the cloud model can be provided with minimal management effort by the 

service provider and is composed of several characteristics, delivery models, and deployment 

models. Furthermore, the cloud is the enabling technology for the accelerated digitization of 

tomorrow’s applications and their datafication. The demand for this technology is expected to 

increase six times by 2030 which increases the energy consumption of its data center hosts. 

However, in the climate change debate, cloud computing is two sided. It can be either seen as 

one of the causes of environmental problems or as part of the solution in addressing them. In 

the latter case green cloud computing is particularly relevant. But a rethink of how we use our 

resources in information technology is urgently needed, as there is no alternative to establishing 

a sustainable cloud. 

This work examines the scientific knowledge of green cloud computing through a semi-

systematic literature review. The main contribution is the identification of a necessary change 

within a second wave of optimization initiatives. This must consider all stakeholder 

perspectives to make the technology sustainable and applicable in the long term. Over the past 

decade, the first wave of scientific efforts focused on optimizing the hardware and software of 

data centers as hosts of clouds. But due to the scarcity of fossil fuels and rare resources, these 

efforts will not sufficiently meet the future demand for cloud services. Therefore, 

environmental friendliness and profitability are inextricably linked in the cloud industry. In the 

following discourse, the missing perspective of consumers and their incentives for a green 

cloud is integrated into the discussion. This is done by examining internal as well as external 

incentives as innovation drivers to accelerate the green transformation. Finally, this paper 

discusses further research approaches and opportunities to advance the needed and inevitable 

green cloud transformation. 
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“How can a green cloud benefit business?” T. Roettger

1. Introduction

Due to climate change, today’s global society is facing pressing environmental challenges. The 

climate change is linked to the continuing increase of greenhouse gases (GHG) and associated 

carbon dioxide (CO2) emissions (UN, 2015b). Following the International Energy Agency 

(IEA), the Information and Communications Technology (ICT) sector emitted 4% of global 

CO2 emissions in 2020 (IEA, 2020b). This share will increase further. A conservative estimate 

is that it will be around 14% of the global CO2 footprint by 2040 (Belkhir & Elmeligi, 2018). 

While data centers form the backbone of the ICT sector, the demand for its cloud based services 

has grown by a factor of seven and a half in the last decade (IEA, 2020a). Recent estimates of 

global data center electricity consumption are highly controversial due to data uncertainty, 

ranging from 1% (Masanet et al., 2020) to 4% (R. Mandal et al., 2020) of global electricity 

consumption in 2020. This is the same as the total yearly consumption of highly developed 

countries such as UK or France (IEA, 2020b). The datafication in computing intensive 

technologies will drive the demand for cloud services to unprecedented heights (Cukier & 

Mayer, 2013). These technologies include, for instance, smart and connected systems, Artificial 

Intelligence (AI), Internet of Things (IoT), Big Data Analytics, and autonomous vehicles. 

Consequently the electricity consumption of data centers is estimated to grow about six times 

by 2030 (Andrae & Edler, 2015; IEA, 2017; Masanet et al., 2020). This translates into high 

carbon emissions, as more than 63% of electrical energy comes from fossil fuel or coal (BP 

Global, 2020). Furthermore, because carbon-neutral renewable energy is intermittent, it is not 

suitable for the temporal variation in the energy demand of cloud computing. 

To address the challenges and environmental pressures, the established economic approaches 

such as improvement, optimization, and expansion, have not yet provided a satisfactory 

solution. Additionally, the attractiveness of cloud computing technology has so far led to the 

neglect of environmental issues by both providers and consumers. The business world, in 

particular, bears a great responsibility in encouraging a behavioral change, as it is crucial to the 

prosperity of the population. In addition to this role model function, companies face the 

challenge of increasing globalization and digitization, accelerated by the COVID-19 pandemic. 

Due to the exploding demand for cloud service, a new attitude from businesses towards 

environmental impacts as well as a green transformation of the cloud computing sector is 

needed. Here, the emerging paradigm of a green cloud is becoming increasingly important 

(Radu, 2017). It includes on the one hand the area of further optimization in the hardware and 
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software of data centers and network operators. On the other hand, data centers consume a 

steadily growing share of global energy and are completely dependent on the energy mix in the 

local grid. This leads to increasing emissions, while the ongoing trend toward renewable 

sources for the total energy generation (including electricity, heat, transport) is still evolving 

with a global share of 15.7% in 2020 (for pure electricity generation around 35%) (BP Global, 

2020; Statista, 2021). Therefore, the paradigm of a green cloud including the sustainable 

management as well as placement of data centers to increase energy efficiency, cool them 

naturally, or use 100% renewable energy at the point of origin are promising approaches. 

The purpose of the present work is to map the increasingly important research area of cloud 

computing and synthesize its business impact as well as the current scientific status through a 

semi-systematic literature review. This qualitative approach seeks to outline the overarching 

impacts of different research traditions including fields like computer, business, and 

environmental science. While green cloud strategies focus on technical and environmental 

aspects, the economic impact they can bring to consumers is rarely addressed. The specific 

contribution of this work is the inclusion of the incentives and impacts of green clouds on the 

consumers of services from the cloud. Because of this consideration, the following two research 

questions arise in the context of “How can a green cloud benefit business?”: 

- Does profitability conflict with environmental friendliness in cloud computing? 

- What are the impacts and incentives for the consumer in using a green cloud? 

This work is structured in the following way. Chapter 1 identifies the basic concepts of cloud 

computing including its terminology, models, and main characteristics. Chapter 2 is a review 

of existing research literature from which three key findings are formulated. These are: the 

missing industrial standard, the challenge of implementation, and a missing conceptual link. 

Chapter 3 examines the current state of green cloud computing, the influencing factors, the use 

of renewable energy, and its purchase. Furthermore, to answer the first research question, the 

three key findings, mentioned above, are discussed in detail. The second question is answered 

through a discourse in Chapter 4, which focuses on the incentives for green cloud consumers. 

This includes a discussion of the advantages and disadvantages of, as well as the external and 

internal drivers for, green transformation. The findings of this work can be used as 

steppingstones for further research. To this end, limitations, needed steps, and other ideas are 

outlined in Chapter 5, together with an overall summary and conclusion in Chapter 6. 
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1.1. Cloud Computing Origins  

In this chapter, the historical development of the cloud computing industry, as well as different 

prediction scenarios for the future, are investigated. Subsequently, basic terminology and 

specific models are examined to provide an overview of the technology. Finally, both 

characteristics and the virtual machine approach of cloud computing are outlined to enable the 

reader to follow the course of this work. 

The term “cloud” refers to different platforms that are used as distributed computing resources. 

These are formed by servers, networks, interfaces, or software. The term “computing” includes 

the provision of the cloud package as a service, which can be purchased and deployed by 

consumers (Attaran & Woods, 2018). The outsourcing of ICT infrastructure into a cloud 

enables consumers to use ICT provided and managed by third-party providers. It allows them 

to access information online around the clock from multiple locations and devices such as 

desktop, laptop, tablet, and smartphone. This saves time and resources that would otherwise be 

required to build individual infrastructure and maintain data processes. Consumers can thus 

focus on their core competencies and critical business activities (Erl et al., 2013).  

Cloud computing is not new and has its origins in the concept of utility computing. John 

McCarthy, a computer scientist at Stanford University, first coined the term utility computing 

in 1961 in a speech at the centennial of the Massachusetts Institute of Technology (MIT) 

(McCarthy, 1963). Since the mid-1990s, various forms of Internet-based computer services 

have been developed: search engines (Google, Yahoo!); email services (Gmail, Hotmail); and 

social media platforms (YouTube, Facebook, Twitter). But the business community did not pay 

much attention to the proposed concept of computing as a public utility until 2006. Then cloud 

computing emerged into the commercial area; Amazon launched its Elastic Compute Cloud 

services called EC2(AWS, 2006), and Google started its browser-based enterprise application, 

which led, three years later, to Google App Engine (Google, 2008). Nowadays, accelerated by 

the COVID-19 pandemic, video conferencing and streaming services (Zoom, MS Teams, 

Netflix) have joined the ranks of provided services. Due to their strong consumer centric 

development, these services have become popularized and thus form the basis of modern cloud 

computing (Erl et al., 2013).  

In the past decade, the workload demand of data centers, as hosts of services from the cloud, 

has increased by a factor of seven and a half (Masanet et al., 2020), while nowadays companies 

have embraced cloud computing and have started to collect the rewards (F. Yang & Chien, 
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2018). The technology enables them to enjoy advantages such as reduced investment and 

proportional costs as well as  increased scalability, availability, and reliability (Erl et al., 2013). 

Due to the growing demand, around 1% of the world’s electricity is consumed by data centers 

(Masanet et al., 2020), a figure that has remained constant since 2010 despite the above 

mentioned increase in demand. This plateau can be explained mainly by an optimization of 

hardware and software as well as by a shift from traditional on-premises ICT to cloud and data 

centers from hyperscaler, as shown in Figure 1 (Andrae & Edler, 2015). While traditional on-

premises ICT provided 79% of computing capacity in 2010, the trend changed, and ten years 

later 89% of computing capacity was provided by energy-efficient cloud and hyperscaler data 

centers. This upward trend is expected to continue (IEA, 2020a).  

 

Figure 1 - Data Center Electricity Demand (based on *IEA, 2020 and **Andrae A., Edler T., 2015) 

To meet future demands, organizing ICT resources in clouds as a public utility is already state 

of the art, much like the telephone network in recent decades (Attaran & Woods, 2018). 

However, the question arises as to how long the growing demand for services from the cloud 

can continue to be served with the established approaches (Masanet et al., 2020). This is 

accompanied in the scientific world, by a commonly agreed upon, but conservatively projected, 

six times increase in global data center electricity consumption by 2030: an increase from 1% 

in 2020 to 3% in 2030 (Andrae & Edler, 2015). This trend has been driven by the digitization 

and through datafication of emerging technologies like IoT, autonomous vehicles, smart and 

connected systems, and applications like video conferencing, streaming, AI, cryptocurrencies, 

and Big Data Analytics. 
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1.2. Terms, Delivery, and Deployment Models 

In the cloud computing environment, organizations as well as humans can take on different 

roles depending on their interaction within the cloud or its Information Technology (IT) 

resources. An IT resource can be represented by a physical or virtual IT artifact. This can be 

either hardware-based, like a physical server or a network device, or software-based, like a 

virtual server or a software program. Cloud computing enables the provision and use of an IT 

resource via the cloud, this is referred to as Cloud Service (CS). The main parties are the Cloud 

Service Provider (CSP) and the Cloud Service Consumer (CSC). Therefore, the organization 

that provides the cloud-based service is the CSP. It is responsible for making CS available and 

usable for its consumers. This includes provision, management, and administration of duties to 

ensure the smooth operation of IT resources. The CSC has a contractual agreement with the 

CSP to use its CS (Erl et al., 2013). Data centers house the IT resources in a physical 

infrastructure network, where data storage and application take place. If these data centers are 

operated by independent third parties, the CSP leases the IT resources from the data center 

operator, organizes them and resells them to the CSC (Popoola & Pranggono, 2018). All agreed 

services are contractually defined by Service Level Agreement (SLA) which consist of different 

Quality of Service (QoS) parameters (Jeffery, 2012). The SLAs ensure compliance with the 

agreed scope of services (Guérout et al., 2014). 

Due to its agile infrastructure, cloud computing provides different services, privatization, and 

payment options. Different service options describe the scope that is delivered to the CSC given 

by the cloud delivery models. Payment options include methods such as pay-per-use or 

subscription-based pricing. Cloud deployment models offers the degree of privatization while 

dealing with the different possibilities of accessibility and boundaries (Alfonso et al., 2013). 

Three cloud delivery models have become widely accepted: Infrastructure-as-a-Service (IaaS); 

Platform-as-a-Service (PaaS); and Software-as-a-Service (SaaS) (Erl et al., 2013). IaaS includes 

the provision of physical IT resources by the CSP and represents an environment that is 

administrated by the CSC. The provided IT resources are not pre-configured to provide a high 

level of control and a high degree of responsibility, in terms of security and management, for 

the consumer (Attaran & Woods, 2018). The PaaS delivery model constitute a defined and 

ready to use software framework which is built with pre-configured IT resources. CSC can use 

libraries, tools, or services which are supported by the CSP. This enables the CSC to customize 

applications following its own IT requirements, while the CSP is still responsible for the 
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security and policy (Jing et al., 2013). The SaaS model offers software which is accessible as a 

public utility including web applications and multimedia services. However, the CSC has 

limited control over the offered applications (Attaran & Woods, 2018). The provisioned 

services, responsibilities, and key providers of the three cloud delivery models compared to the 

traditional on-premises solution are shown in Figure 2. 

 

Figure 2 - Cloud Delivery Models (based on Jing et al., 2013) 

Cloud deployment models represent an environment that can vary widely in ownership, size, 

and access rights. The primary models are public cloud, community cloud, private cloud and 

hybrid cloud, which are available through the different stages of cloud delivery models (Erl et 

al., 2013). The public cloud is owned by a provider, and the CSC does not have to bear the 

administration of the cloud. The CSP is responsible for the provision and maintenance of the 

cloud and enables the CSC to outsource their IT resources. The requested IT resources can be 

nimbly adapted to the needs of the CSC. This leads to an agile and efficient IT resource 

management (Bianchini et al., 2017). The nature of a community cloud is like a public cloud, 

except that access is restricted to a community of CSCs. This cloud can be owned by community 

members or a third party providing a public cloud with exclusive access (Erl et al., 2013). The 

environment of a private cloud is provided for an exclusive consumer. The physical IT 

resources can exist either on-premises at the company or at a provider or third-party. This cloud 

offers more control and security over the environment and enables the CSC to centralize their 

own ICT while using PaaS or IaaS as delivery models. Reasons for a private cloud include the 
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frequent exchange of confidential information, greater operational control, or the demands of 

governmental regulations (Erl et al., 2013). Finally, the hybrid cloud is a network of public and 

private clouds. The public cloud is used for non-critical exchange of information and workload 

peaks, while sensitive information is processed via a private cloud (Bianchini et al., 2017). 

Leading public cloud providers are AWS, Microsoft Azure, Google Compute Engine, or 

Alibaba Cloud, while private clouds are assigned to the consumers (Attaran & Woods, 2018). 

1.3. Characteristics and Virtual Machines 

Certain characteristics are needed in an IT environment to effectively deliver scalable IT 

resources remotely. A general distinction is made between six specific characteristics in a cloud 

(Attaran & Woods, 2018): on-demand usage, broad network access, multitenancy, rapid 

elasticity, measured usage, and resiliency (Arora & Bala, 2020). These characteristics enable 

the effective virtualization of IT resources. They are described in the following paragraph. 

The on-demand usage is the ability to access IT resources unilaterally and gives the CSC the 

freedom to utilize them independently. After a one-time configuration, the provided IT 

resources can be accessed without further human interaction. This enables an on-demand 

environment, while the usage is measured automatically (Erl et al., 2013). The characteristic of 

a broad and ubiquitous access is achieved through a network coupled to multiple devices (e.g., 

laptops, cell phone, or workstations). Providing such access requires the need of a range of 

interfaces and security technologies. Therefore, depending on the desired cloud delivery and 

deployment model, the architecture must be tailored to the specific requirements of the CSC 

(Attaran & Woods, 2018). The provider attaches IT resources by means of resource-pooling, 

using virtualization technologies, to serve many CSCs. Multitenancy assigns an instance of the 

program to different consumers simultaneously but independently. By coupling pooling and 

multitenancy, physical and virtual IT resources can be allocated based on the CSC demand 

profile (Erl et al., 2013). This ability to scale resources automatically according to runtime 

conditions is called elasticity. This characteristic is seen as the main reason for switching to the 

cloud, because low capital expenditure and the proportional cost advantage have a positive 

effect on business (Jing et al., 2013). The measured usage characteristic provides the ability to 

track and accurately calculate usage. The direct link between usage and costs enables the CSP 

to charge for the resources actually used. However, in addition to billing, it also enables the 

tracking of utilization and application. This makes it possible to develop efficient systems to 

act optimally in correspondingly high or low times. Therefore, this characteristic is linked to 
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the on-demand usage (Marotta et al., 2018). Resilient computing is used for failover and to 

increase efficiency. Redundant virtual migrations of IT resources are distributed across physical 

locations. In the event of a failure, the resources are configured in such a way that the computing 

task is directly transferred to a redundant version within the same or across multiple clouds. 

The resilient characteristic assures CSCs of both the availability and reliability of their 

applications (Erl et al., 2013). The value, and therefore the cost of a cloud, depends on the 

varying degrees of these characteristics. Accordingly, the more the characteristics are supported 

and provided in the cloud, the greater the resulting value and costs for the CSC. 

The Virtual Machine (VM) is enabled by these cloud characteristics and is an abstraction of 

physical IT resources. Through resource pooling, IT resources are virtualized and divided into 

VMs, while the hosting data center can be either centralized or distributed across the globe. 

This technique allows the CSP to provide and deploy a dynamic infrastructure. The main 

objective is to utilize the temporal distribution of VMs to achieve consistent performance, 

minimize active physical servers, and increase reliability as well as availability through pooling 

and multitenancy. This enables efficient control of an energy aware resources management. For 

example, uniform and energy-efficient performance can be achieved by shifting secondary 

tasks to periods when little or no computing power is needed (Hamdi & Chainbi, 2019). Other 

methods consolidate and migrate VMs between different physical machines. In this approach, 

VMs from underutilized servers are migrated to other servers to switch the underutilized into 

power-saving mode or to shut them down (Bhattacherjee et al., 2020). VMs can only operate 

within the given IT resource capacity, which may lead to a violation of the SLAs if the agreed 

service cannot be provided due to a lack of capacity. Thus, overloaded servers need to migrate 

their VMs to moderately loaded servers during their compute task. This process is called live 

migration because the VMs are kept alive during the migration process to maintain 

uninterrupted service (R. Mandal et al., 2020). However, too many migrations can drive up 

electricity consumption, network utilization, and operational costs. Therefore, various energy 

efficient VM consolidation and migration approaches exist and are outlined in Chapter 3.1.2.  

2. Methodology 

The production of knowledge in the field of business research is accelerating at a tremendous 

rate, while remaining fragmented and interdisciplinary. This makes it difficult to keep up with 

the latest developments and stay at the forefront of research. Therefore, reviewing existing 

literature as a research method is more relevant than ever before. Baumeister and Leary (1997) 



P a g e  | 9. 

  “How can a green cloud benefit business?” T. Roettger 

describe the literature review as a more or less systematic way of collecting and synthesizing 

previous research as a foundation for all types of future research and theory. The systematic 

literature review can be divided into four distinct phases (Snyder, 2019). The first, the design 

phase, includes the search strategy, while the second phase, the conduct, includes the review 

process. The analysis – the third phase – consists of the abstraction of data or information, the 

identification of their characteristics and their analysis. During the fourth phase, the structuring 

and writing phase, the main findings, the summary as well as the discussion take place (Snyder, 

2019; Wong et al., 2013). Following this guideline, the development and design of the search 

strategy is discussed in Chapter 2.1 of this paper. Chapter 2.2 outlines the conduct of the review 

process. The third phase, the analysis and information abstraction of the identified documents, 

is described in Chapter 2.3. In Chapter 3, as the last phase starts with the examination of the 

findings and influences of green cloud computing and the purchasing of renewable energy. This 

is concluded by a discussion of the key findings and an answer to the first research question. 

2.1. Design of Search Strategy 

The aimed contribution of this literature review, within the topic “How can a green cloud benefit 

business?”, is to map and summarize the different research areas and synthesize the most recent 

developments of green cloud computing. From this, the opportunities for the consumer of green 

clouds are discussed, and an agenda for further research will be established. Following a 

recently published guideline in the Journal of Business Research (Snyder, 2019) as well as the 

RAMSES publication standard (Wong et al., 2013), a semi-systematic literature review was 

selected for this work. The semi-systematic literature review was developed for areas that are 

conceptualized differently and studied by different research disciplines. It aims to identify and 

understand the different perspectives and synthesize them using narratives rather than 

measuring effective size. In the case of green cloud computing, many different research areas 

and perspectives need to be included. The research areas start with computer science, and 

include telecommunication, environmental science, engineering science, business and 

economics, as well as management science. The different perspectives include the data center 

owner, the cloud service provider and consumer, the end-user, governments, the power 

generation sector, the network provider, as well as the environmental sector. This diversity of 

perspectives necessitated the application of a semi-systematic review in the scope in this work 

(Wong et al., 2013). The first phase of this review includes the development of an appropriate 
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search strategy with the selection of search terms, databases, inclusion, and exclusion criteria. 

Additionally, necessary changes in the process are described. 

The review began with an initial brainstorming phase, which was conducted to identify the 

relevant search terms related to the topic and research questions. In this initial session, the terms 

“green economy”, “sustainable”, “IT resources”, “cloud computing”, “data center”, and “cloud 

service” were defined. To get an overview of the time horizon under consideration and to 

determine the relevance of the search terms and their dependencies, the identified terms were 

entered into the Google Scholar search engine as well as into the Digital University Catalogue. 

This initial search using the combination “green” and “cloud computing” proved promising 

4,376 results, of which 2,156 had been published in scientific journals. The documents found 

in this initial search had all been published in the last 20 years, which shows that the research 

field of cloud computing is quite young. If the term green cloud was included in the search, the 

period of published documents was limited to only the last 10 years. The time horizon as well, 

as the number of documents subsequently identified as relevant, are shown in Figure 3. The 

entire search process was completed by the end of February 2021 and the relevance of the 

documents was evaluated based on their relevance for the purpose of this work. The resulting 

exclusion framework was developed as well as the process of identifying the relevant 

documents is described below. 

 

Figure 3 - Time Horizon of Identified Documents 

In order not to exclude relevant insights no time limit was introduced as an exclusion criterion. 

However, due to the speed of development in the ICT field and the associated necessity of 

researching documents reflecting the current status, the last five years was given the most 

attention. Language was introduced as the first exclusion criterion with only English and 

German publications being included. The next step was to introduce an exclusion criterion so 

that only scientifically relevant and recognized sources, journals, or conference papers would 
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be used. Therefore, only sources relevant for this work with a Scientific Journal Ranking (SJR) 

of Q1 or Q2 within their scientific area and an h-index above 50 were considered. These criteria 

built the exclusion framework of the applied literature review. After the development of this 

exclusion framework, the selection of appropriate multiple scientific databases followed. The 

Web of Science (WoS) was the first reference point in the search for a scientific cross-field 

insight. This overview was followed by a search assignment into disciplinary databases to 

include the different research traditions. For the computer science discipline, databases such as 

Association for Computing Machinery (ACM) Digital Library and IEEE Computer Science 

were selected. For the business discipline, databases such as Business and Academic Source 

Complete were chosen. These multi-scientific as well as disciplinary databases provided access 

to leading computer science and business journals as well as high-quality, peer-reviewed 

publications and science conference publications. In addition, non-scientific sources were used, 

such as government, non-governmental organization, or company websites and articles from 

other qualified sources. This was done to obtain a comprehensive overview and up to date 

figures. Nevertheless, the information from non-scientific sources were only included in the 

discussion and not into the literature review in order to clearly separate the areas. 

2.2. Conduct of Review Process 

The following description of the review process is illustrated at the end of this chapter in Figure 

4. The initial search term “green” and “cloud computing” in the WoS resulted in 586 

documents. This was reduced to 394 documents after the exclusion of all languages, other than 

English and German, and inappropriate science areas. The latter was necessary because the term 

“cloud” includes, for instance, weather-related research (such as meteorology and atmospheric 

sciences, geography, forestry, or astrophysics).  

Following the exclusion framework discussed above, all lower ranked journals were then 

excluded. This second step left 226 documents. After reviewing the headlines, the key words, 

and the abstracts it became clear that the focus of the identified articles was mainly on the 

technical computing and programming part of green cloud. The economic and environmental 

impact for cloud consumers had not been comprehensively considered. Nevertheless, after this 

third exclusion 64 documents (28%) remained as directly relevant to the purpose of this work. 

A further set of 72 documents were identified as linked but were not of significant relevance. 

Their focus was, for instance, on the development and description of additional technical 

optimization features or efficiency algorithms without further contribution to this work. They 
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were, therefore, excluded. Finally, 90 documents were identified as being not linked to the 

research direction in any way and were accordingly excluded. The 64 documents identified as 

relevant provide an overview of the technical development of cloud computing and an overview 

of the green cloud paradigm. In addition, they illustrate the relevance of green sustainable cloud 

computing, as well as providing the recent state-of-the-art developments in hardware and 

software. 

However, as previously mentioned, the cloud consumer perspective – the main goal of this 

work – was missing. Therefore, a more targeted review process was utilized. After further 

research in the Digital University Library, a new search term was defined. In addition to the 

terms “green” and “cloud computing”, the term “economic*” was added to the search process, 

which led to 1,945 documents. A second search in the WoS, including this new term, resulted 

in 125 documents. The three exclusion steps were once again applied. The first exclusion step, 

excluding all languages other than English and German and all inappropriate research areas, 

left 83 documents. The second step, the application of journal rankings, left 69 documents and 

in last step – the title and abstract review– another 52 documents were excluded. Both review 

process loops in the WoS identified 81 documents as relevant. To include the disciplinary 

databases in the review process, the identified databases were queried. As a result of this 

procedure, 38 additional documents from the computer science discipline and 17 additional 

documents from the business discipline were identified as relevant. The three exclusion steps 

were applied again, followed by the exclusion of duplications. This left 10 documents from 

both disciplinary databases and led in total to 101 documents being identified as relevant.  

However, an ongoing scan for information published during this work was conducted to ensure 

accuracy. Therefore, documents published after February 2021 were used to bring numbers up 

to date, but they were not included in the initial literature review. A list of all identified, 

grouped, and clustered documents consisting of the 350 documents that entered the third 

exclusion phase can be found in Appendix I. The third exclusion step as well as the process of 

grouping and clustering is described in more detail in Chapter 2.3. In addition, Figure 4 

visualizes the search process as described above, including the number of relevant documents 

per exclusion step. 
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Figure 4 - Flow Diagram of Search Process 

2.3. Information Abstraction and Analysis 

To answer the first research question, the 101 documents identified as relevant were studied for 

the historical development of green cloud computing, its profitability and sustainability, as well 

as its different scientific traditions. To conduct an appropriate and target oriented analysis, the 

characteristics of interest from these documents were classified by their descriptive information 

as well as their target group within the historical context. To structure this approach and to 

ensure the quality and reliability of this semi-systematic literature review, the titles and abstracts 

of the 350 documents which entered the third exclusion phase were scanned first. The 

information considered as important was then identified, logged, and ranked from one to three. 

Number one indicated that the information provided by the document was considered as 

important for this work, number two indicated that the information was linked but had no 

significant new impact on the proposed direction of this work, and number three meant that the 

information was not linked to the topic of this work. During this ranking, the already mentioned 

101 documents were identified as relevant. The entire texts of each of the 101 documents were 

studied. Subsequentially, they were divided into four target groups to identify their audience as 
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well as the different streams of research traditions. The target groups consist of Cloud Service 

Consumer, Cloud Service Provider, Hardware & Data Centers, and Software & Optimization. 

In addition to this grouping, the documents were further classified and divided into six different 

dimensions, depending on the purpose of their research and descriptive information. The six 

dimensions are Allocation, Application, Architecture, Economy, Green Economy, and Virtual 

Machine. To enable the documents to be assigned to the four groups and six dimensions 

according to their purpose, the logged notes, as well as the ranking, were considered. In 

addition, the applied methods of the identified documents are logged. The notes which led to 

the ranking, the applied methods as well as the ranking itself are listed in a table in Appendix 

I. The resulting distribution of the dimensions on the respective groups can be seen in Figure 5.  

 

Figure 5 - Groups and Dimensions Allocation 

The grouping provides an overview of the research traditions of the documents and the target 

groups on which previous research has focused. The majority of documents provided clear 

information about the affiliation to their target group. The Software & Optimization group deals 

with approaches of allocation models, the improvement of applications for more efficient 

energy management, or are directed towards the management of VMs. The documents in the 

group of Hardware & Data Center deal with the architecture and green economy – due to the 

fact, that data centers impact on both areas. The group of Cloud Service Providers is more 

difficult to distinguish, as some providers are also data center operators. Therefore, there is 

some blurring when separating these two groups. However, the last group, Cloud Service 

Consumer, can be clearly distinguished from the other groups. It can be seen in Figure 5 that 

the research focus was on Hardware & Data Centers and Software & Optimization, and that the 

Green Economy was mainly discussed in the target groups CSP and Data Centers.  
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The division into the six dimensions provides a cluster of the descriptive information of the 

documents. This clustering allows an understanding of the focus of different research traditions 

as well as their historical evolution. The Allocation dimension contains different rescheduling 

technics to improve energy and resource management regarding the software, hardware and the 

implications for the provider or consumer of CS. It is, therefore, consistent across the different 

target groups. The Application dimension contains documents describing different areas of 

green CS. Most topics within this dimension deal with service, quality, the cloud delivery 

models, and network security. The respective subject-specific areas are discussed in more detail 

in Chapter 3.1.2. The Architecture dimension deals with improved processors and memory, 

new cooling systems, waste heat regulation, and the network connections and its physical 

security. This dimension mainly directly addresses the target group of data centers or their on-

premises IT resources. The dimension of Economy handles the economic influence on the 

business. The target group of this dimension consists of the Cloud Service Provider, its 

Consumer, and Data Centers, due to their specific business models. Here, it is remarkable that 

of the 101 identified documents, only four considered the influence on business. The low 

number of identified documents within this dimension could not be further increased despite 

adapting specific searches in the overall scientific as well as disciplinary databases. The 

dimension of Green Economy includes the environmental impact of cloud computing 

technology. It is separated from the Economic dimension due to its significance to the purpose 

of this work. This dimension deals with the sustainable and efficient use of resources and the 

use of renewable energies. The focus of the research within this dimension is on the target 

groups of the Cloud Service Provider and the Data Centers. Which makes sense insofar as these 

groups can exert the primary influence on the sustainability of the data centers, while the CSC 

has received little attention. The last dimension, the Virtual Machine, is closely related to the 

Allocation dimension in the Software & Optimization group, which makes it difficult to 

distinguish between the two. Nevertheless, the dimension is separate due to the high number of 

documents that deal with the VM approach. This dimension considers the temporal distribution 

of demand on computational capacities to achieve a consistent and energy efficient performance 

in data centers. The technical application and procedure will be further described in Chapter 

3.1. Figure 6 illustrates the historical distribution of dimensions. It shows that the green cloud 

paradigm started in 2012 when the number of documents started to increase. The small number 

in 2021 is because only documents up to March were included.  
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Figure 6 - Historical Distribution of Dimensions 

Looking at the distribution of applied methods in the documents, the area in which new models 

are developed consists of the largest share with 45 documents. The implementation of 

simulations and experiments (22) as well as the survey and taxonomy approach (21) also 

account for a correspondingly large proportion. Eleven documents were identified as reviews, 

which were focused on during the reconstruction of the historical development. The allocation 

was always based on the largest proportion, although mixed variants in the procedures are 

common. For a detailed enumeration of the identified documents, please see Appendix I. The 

described grouping and clustering process of the identified documents make it possible to map 

green cloud research and to synthesize the current state of this research, as explained in the next 

chapter. 

2.4. Key Findings  

To summarize and discuss the relevant identified documents from the literature review in a 

structured manner and subsequently answer the first research question, the following three key 

findings were formulated. These were all developed in the context of the literature review 

process, as the review was a necessary first step in drawing a holistic picture. These findings 

enable the structuring of the discussion throughout Chapter 3.  

At first, it appeared that most of the identified documents understood the innovative concepts 

developed in their work differently and viewed them from different perspectives. In the course 

of the review process, it became clear that the various approaches had some overlap, were 

divergent, and even counterproductive. This may have been due to the lack of a cornerstone 

providing a common starting point and a uniform understanding of the green cloud paradigm. 

Therefore, the following key finding was formulated first: 

I. There exists no clear definition of a green cloud, due to the lack of an industry standard. 
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A second factor that contributed uncertainty and vagueness to the research was the fact that 

predictions of computation demand are highly controversial. A further possible factor of 

uncertainty is the problem of implementing energy that is 100% renewable. Both factors may 

be due to inaccurate data and insufficient information from the local power grids in each region 

of the world. These factors, in addition to the lack of an industry standard, distorted the focus 

of research efforts. Therefore, the second key finding out of the review was formulated: 

II. There is a distortion of focus due to controversial demand predictions and uncertain 

renewable energy implementation. 

The last key finding has to do with the very one-sided view of the identified literature. This 

picture could not be expanded despite further and broader search efforts. It can therefore be 

assumed that there is a conceptual lack of linkage between the technical, the economical, and 

environmental perspectives in the consideration of the optimization potential of cloud 

computing. For this reason, the following final key finding was formulated: 

III. Future demand for cloud capacity will only be met by combining technical optimization 

with sustainable economic approaches. 

3. Results: Profitable against Green? 

In the following chapter, the first research question – “Does profitability conflict with 

environmental friendliness in cloud computing?” – will be answered based on the preceding 

literature review. The described grouping and clustering process of the identified documents 

enables the mapping and synthetization of information within the green cloud environment. At 

first, the current state of the emerging green cloud paradigm will be examined, including its 

technological and economic approaches driven by the influences of different scientific fields. 

Then, different influencing and shaping factors will be weighed against each other, including 

opportunities and limitations, the renewable electricity supply, and its purchase for data centers. 

Here, the different density of data centers, the corresponding local electricity mix, the issue of 

unstable availability, and the greening approach through power purchase agreements from 

market participants will be examined. Subsequently, the three key findings will guide the 

discussion, and finally are summarized to answer the first research question.  
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3.1. Green Cloud Paradigm 

The growing demand for CS has been accompanied by rising CO2 emissions due to both the 

increasing energy and resource requirements of data centers hosting CS, and the fact that most 

of the electricity has been generated by fossil fuel or coal (IRENA, 2019). Due to increasing 

pressure, the computing industry is becoming aware of the importance of sustainability to 

protect the environment (Mashayekhy et al., 2015). This growing public environmental 

awareness has led to the development of technological solutions which enable more sustainable 

operation. To meet the requirements for precise time and resource management at data centers, 

automated electricity aware methods are needed, because the human ability to intervene is no 

longer sufficient. The term "green" has been used a lot lately in the context of cloud computing, 

but the concept is decades old. The starting point of green IT can be found back in 1991, when 

the Environmental Protection Agency started their Green Light IT program (EPA, 1991). 

Beloglazov et al. (2012) combined the cloud approach with environmental friendly IT, and thus 

initiated the concept of green cloud computing. They created a vision in which the goal was not 

only to reduce electricity consumption and increase efficiency, but also to ensure the sustainable 

distribution and use of resources. Green economy initiatives place the proportionate and 

efficient use of resources at the heart of the industry. Factors such as reduced resource 

consumption leading to lower emissions, economic benefits due to cost and tax savings, and 

increased environmental awareness all support the greening of the industry. This has resulted 

in the incentive for, and potential of, the green cloud paradigm (Schniederjans & Hales, 2016).  

All identified documents from the semi-systematic literature review deal in some way with 

green data center operations hosting cloud technology. They focus on either physical or virtual 

optimization (Shuja et al., 2017). Physical optimization involves increasing hardware 

efficiency, including component and cooling optimization, geographical placement, and data 

center network architecture. Virtual optimization includes the VM approaches, which handle 

management and scheduling algorithms as the key to ensuring consolidation and reducing 

energy waste (Han et al., 2020). To structure the vast amount of abstracted information from 

the identified documents, the four target groups and six dimensions developed in Chapter 2.3. 

will be used within the following subchapters. The content of the documents in the Hardware 

& Data Center group relate to the dimensions of Architecture and partly Allocation. Documents 

in the Software & Optimization group relate to the dimensions of Application, Virtual Machines 

and partly Allocation. Finally, documents relating to the dimensions of Economy and Green 

Economy, because they are overarching, are examined at the end of this chapter. 
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3.1.1. Hardware & Data Centers  

As a result of information abstracted from the identified literature, the drivers of electricity 

consumption and efficiency in data centers can be separated into two dimensions, namely 

Allocation and Architecture. The dimension of Allocation within the Hardware Level includes 

the tasks of allocation and scheduling as well as resource management between geo distributed 

data centers. Architecture includes the cooling, waste heat regulation, and network connections.  

IT resources allocation in geographically distributed data centers is used by multiple 

applications simultaneously to provide CS globally, reliably, and cost-effectively (X. Lu et al., 

2018). For data centers a critical economic factor is to minimize the total cost of ownership 

(TCO), by considering bandwidth and electricity prices, as well as the availability of renewable 

electricity depending on the geographical location (Khalil et al., 2019). In this context, scientific 

approaches have pursued methods to optimize geographically distributed IT resources. This 

involves planning tasks so that the overall costs of the data center are efficient, as well as that 

the CO2 footprint and the environmental impact are minimized (Haitao Yuan et al., 2019). 

Uddin et al. (2015) highlight the importance of including the location of data centers and the 

climatic conditions into schedule algorithms because power consumption and CO2 emissions 

are directly related to these conditions. For instance, the amount of electricity required for 

cooling of data centers is directly related to the climatic environment of its location. 

Another research stream in the dimension of Allocation relates to the use of renewable energy 

in workload distribution across geographically distributed data centers. This is achieved by 

taking advantages of dynamic electricity prices and increasing the use of renewable energy – 

depending on its availability in different locations (Khalil et al., 2019). To make data centers 

more sustainable, CSPs try to implement the use of renewable energy sources such as wind or 

solar power. However, the intermittent and variable nature of this energy sources poses 

additional challenges (Deng et al., 2014). Therefore, VM consolidation and migration is a 

promising approach to solve this problem. It is applied to shift workload, and thus energy 

demand, using flexible allocation techniques (U. Mandal et al., 2013). To manage the 

intermittent nature of renewable energy, Cheng et al. (2019) developed a management approach 

which aims to maximize its use. The system adaptively consolidates workload, allocates 

available resources to workloads, and migrates tasks between data centers, based on green 

power availability. In order to distribute the workload to different data centers, Kessaci et al. 

(2013) developed an algorithm for workload scheduling and mass data transfer. Although 
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research efforts are moving in the direction of harnessing renewable energy as much and as 

efficiently as possible through mass or bulk data transfers between geo-distributed data centers, 

the objective of a sustainable and green data center has not yet been achieved. X. Lu et al. 

(2018) points to the resulting problem of increased power consumption due to internal data 

transfers between distributed data centers, resulting from the effort to integrate renewable 

energy. Zhou et al. (2020) developed an auction model which offers financial incentives to the 

CSP for taking over computational tasks that would otherwise have to wait due to utilization 

rate or green energy supply in cloud network. This model allows CSPs to submit financial bids 

for providing corresponding amounts of computing capacity depending on the demand. In this 

context, Pittl et al. (2017) developed a taxation model that calculates taxes for the use of VMs. 

The energy efficiency of the underlying server is considered as the decisive factor for the tax, 

which includes a tax reduction in the case of efficient application. Evaluations show that the 

developed model is a win-win mechanism for both the geo-distributed cloud and a smart grid. 

Regarding dimension of Architecture, data center cooling contributes up to 40% of the total 

energy consumption. Therefore, efficient cooling is an essential component in making data 

centers sustainable and rentable (Zhang et al., 2017) and thus many scientific approaches aim 

to minimize the energy consumption of cooling systems from data centers. Among them are: 

virtualization and thermal benchmarking approaches (Chaudhry et al., 2020); thermally aware 

automatic heat and air circulation models (Viswanathan et al., 2011); air conditioning systems 

dependent on environmental influences (Liu et al., 2016); VMs migration models to control 

heat and cooling transfer (Witkowski et al., 2010); and models to decrease energy waste from 

overheating network nodes (Xu et al., 2019). A holistic approach was developed by Guan et al. 

(2018) combining cooling, heating, and energy management approaches. The simulation was 

conducted at a cloud data center operating in Chongqing, China, where they efficiently used 

steam-powered cooling to achieve economic and environmental benefits. Almost all approaches 

conclude that the economic and environmental advantage of optimized data center cooling is 

significant. The simulations show that most of the designed systems can contribute to a 

reduction in energy consumption without compromising cooling performance.  

Another aspect in the dimension of Architecture is the operation of data center network, which 

is another cause of energy consumption in data centers. Interestingly, novel innovations are not 

always necessary to lower the consumption. As Popoola and Pranggono (2018) noted, simply 

implementing a commodity switch can reduce the cost, energy consumption, and heat 

dissipation in many data centers. Marotta et al. (2018) highlighted in their work the increasing 
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problem of rescheduling workload and the effect this has on the energy consumption of the 

network. To relieve the network of the internal data exchange, T. Yang et al. (2017) created a 

workload aware VM scheduling approach to reduce the electricity consumption of highly 

utilized networks while not violating SLAs. For this purpose, they proposed a consolidation 

model that considers the energy efficiency of both switches that forward the traffic and servers 

that host VMs. But due to the opposing forces of growing demand for cloud computing on the 

one hand, and the efforts of rescheduling the tasks to decrease the energy consumption on the 

other, this issue will significantly increase in the future. 

3.1.2. Software & Optimization 

The content of the identified documents in the Software & Optimization group can be divided 

into three dimensions: Application, Virtual Machines, and Allocation. Application includes the 

energy efficiency of cloud delivery models, prediction models for service, quality, and security, 

as well as related emerging technologies. The dimensions VM and Allocation are closely 

connected, as mentioned in Chapter 2.3, because both include scheduling techniques and handle 

corresponding problems with SLA violation. In the dimension Application, cloud computing 

provides web-based IT resources for advanced technologies and applications. It is becoming 

essential in our daily lives and will become increasingly indispensable in future-oriented areas, 

such as video and conference streaming, the healthcare sector, Big Data Analytics, and AI 

(Hang Yuan et al., 2010). Arora and Bala (2020) compared different energy efficiency 

techniques for cloud computing. They identified the Big Data Analytics technique as optimal 

because it handles the trade-off between optimizing energy efficiency without violating SLA 

parameters. However, emissions and TCO are largely ignored compared to data center 

efficiency. To sharpen this imprecision, Shaikh et al. (2020) developed a calculator capable of 

a more comprehensive evaluation. It combines the power efficiency, CO2 emissions, and total 

annual cost to create awareness of the resource requirements of data centers. Their calculator is 

already in application in data centers in Malaysia and the results demonstrate its effectiveness, 

regarding energy awareness. Other approaches considered the future utilization of IT resources 

within VMs (Subirats & Guitart, 2015). These use a regression-based approach to estimate the 

future Central Processing Unit (CPU) and memory utilization of physical and virtual servers. 

Because of this, pre-planned allocation task redistribution can be minimized or even avoided. 

This results in energy savings, fewer VM migrations, and fewer SLA violations (Farahnakian 

et al., 2019).  
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The use of CS in IoT applications is a growing field including the accelerated datafication of 

applications. The term IoT was coined by Ashton (1990) and has attracted much interest in the 

fields of research and industry. Today, it encompasses a variety of architectures, standards, and 

applications in several areas including housing, agriculture, retail, transportation, infrastructure, 

and healthcare. Autonomous and smart devices are being used to collect data and transfer it to 

the Internet. The limitations of the IoT- connected IT resources in terms of storage, 

accessibility, scalability, and networking & computation can be solved by leveraging the cloud 

infrastructure (Ismail & Materwala, 2018). Dupont et al. (2018) studied the economic, social 

and environmental impact of the IoT application while using sustainable energy provision in 

West Africa. They built an open IoT platform on the base of a sustainable development 

including the environmental impact as well as local economic and social aspect. They 

highlighted both the potential and the need to develop environmentally friendly cloud 

computing technology, not only in emerging countries.  

Another approach for computation capacity optimization in green cloud computing is volunteer 

computing. The contribution here is that workloads are distributed to free computing resources 

using voluntarily participating devices. This approach enables low-costs, a high use of 

renewable energy, and a green computing infrastructure which can relieve expensive data 

centers (Mengistu & Che, 2019). However, issues such as security, task allocation, resource 

management, and incentive schemes for volunteers need to be further explored. In their paper, 

Khalid et al. (2018) developed an energy-efficient approach to solve the resource management 

and security problems in a smart volunteer-based IT network. They simulated three 

components: a community of 100 smartly connected households; the secure workload transfer; 

and the utilization of the network. The proposed approach reduced the data center’s consumed 

electricity by up to 55% and its energy costs by 67% while the security of the data was ensured 

by encryption techniques.  

In the dimensions of VMs and Allocation, one of the most important objectives of green cloud 

computing is to reduce electricity consumption. This is mainly achieved by maximizing server 

utilization and shutting down unused servers through two types of algorithms: VM 

consolidation algorithms and VM migration algorithms. Due to the urgency and the public 

awareness of environmental issues, schedule techniques comprised a major part (52 of the 

identified documents) of research efforts in the field of data center optimization. Consolidation 

and migration algorithms have been used to increase server utilization and energy efficiency, 

as well as to reduce data center energy demand and thus emissions (Cappiello et al., 2016; Y. 
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Lu & Sun, 2019). Although many research efforts have investigated the optimization of VMs 

consolidation and migration algorithms, they have all used different approaches. For instance, 

Mashayekhy et al. (2015) explored possible algorithms for physical and virtual resource 

management. Ullah et al. (2020) developed a system consisting of a resource monitor, a 

resource estimator, and a consolidation mechanism to automatically allocate the workload. J. 

Yang et al. (2019) introduced an AI consolidation approach, which increased utilization and 

reduced the number of physical servers through an intelligent schedule control engine. 

Abdessamia et al. (2020) included a gravitational algorithm for the VM consolidation, while 

Mishra et al. (2018) focused their consolidation algorithm on the execution rate. Regarding 

hybrid clouds, the problem of different trust boundaries needs to be considered in consolidation 

approaches (Vilaplana et al., 2015). In their migration approach Bhattacherjee et al. (2020) 

included a prediction-based algorithm to minimize the active physical server and VMs. Alarifi 

et al. (2020) developed a hybrid framework, which combined task consolidation and server 

migration, to offload overloaded servers by migrating their VMs to underloaded servers. Qie et 

al. (2019) combined an asynchronous multi-sleep mode and an adaptive task-migration scheme. 

It consists of two modules: the first is always ready for use, the second will independently go 

to sleep, if possible. This separation enables safe computing power for the data center without 

violating SLAs. Pierson et al. (2019) focused on renewable energy management. They 

developed a trade-off solution which negotiates the optimal balance of energy generated by 

renewable and fossil sources in a loop process. This ensures high availability and avoids 

unnecessary redundancy, caused by both the intermittent nature of green electricity and cloud 

service flow (H. Wang & Tianfield, 2018). The numerous studies listed above show that there 

has been rapid progress in the field of cloud computing research within the last decade. 

With increased VM consolidation and migration, there is a need to balance energy consumption 

on the one hand and performance of the system and the network on the other so that SLA 

requirements are met (Marotta & Avallone, 2015). VM allocation requires, therefore, a 

continuous and careful balancing of conflicting requirements like performance, service level, 

operational cost, and energy efficiency (Mann, 2015). The ongoing optimization of energy 

consumption has a serious impact on all other parameters. The power-on and -off routines 

reduce energy, but they also affect the lifetime of physical servers (Shuja et al., 2017). 

Furthermore, the routines are difficult to implement without affecting delivery performance to 

the consumer. Many works have highlighted the issue of SLA violation when consolidating and 

migrating the workload between servers. They have focused on the importance of SLA 
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compliance and have integrated this variable in their schedule algorithms (Guérout et al., 2014; 

Iturriaga et al., 2016; Mustafa et al., 2019; Ouyang et al., 2014). Malekloo et al. (2018) 

developed an energy- and SLA-aware VM consolidation and migration approach. It aims to 

achieve a trade-off between the conflicting requirements. In another approach, Hedwig et al. 

(2012) designed a risk-aware SLA for cost-effective decision making. Their model seeks to 

help IT decision makers understand the relationship between operational costs, SLA, and 

sustainability. This allows them to make more comprehensive long-term decisions. Stavrinides 

and Karatza (2019) focused on SLA compliance, cost-, and energy-efficient application for both 

the CSP and CSC. The proposed algorithm leverages power saving technologies with its core 

parameters – frequency, utilization and power consumption – on the underlying processors to 

detect and fill gaps in the schedule (Cotes-Ruiz et al., 2017).  

An overarching approach combines energy and efficiency parameters with economic 

incentives. Agustí-Torra et al. (2015) developed this model which shifts the workloads of data 

center to less utilized times or data centers, while providing financial incentives for all 

participants. The approach is based on two assumptions, firstly, that there is a high level of 

flexibility regarding the SLA between the parties, and secondly, that the collaboration between 

the parties is dynamic. The energy provider benefits from rescheduling as it can smooth energy 

demand peaks due to performance reduction at data centers. The data center reduces their 

performance and therefore their energy consumption, which violates the SLAs. This, however, 

is not a problem if all parties are offered a financial incentive, based on rewards or discounts. 

However, this can have an impact on businesses, here the collaboration of all stakeholders is 

decisive. In times of high energy demand in one local grid, the workload can be relocated to 

data centers in another local grid with less demand, which ensures the performance (Renugadevi 

et al., 2020). 

3.1.3. Overarching Dimensions 

Finally, the dimensions Economy as well Green Economy are considered together in the 

following chapter. In the identified documents, these two dimensions appeared in all target 

groups. As a result, profitability, energy efficiency, renewable energy, and green SLAs are the 

main aspects considered below. 

A few scientific works investigated the economic impact of cloud computing regarding 

profitability and TCO in the identified documents (Attaran & Woods, 2018; Bianchini et al., 

2017; Ismail & Abed, 2019; F. Yang & Chien, 2018). Alfonso et al. (2013) compared the TCO 
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of using own IT resources with outsourced cloud approaches. Their initial finding was that it is 

economically preferable for large industrial companies to host their own physical servers on-

premises if they show a high and constant utilization rate of their cloud applications. For start-

ups or companies with a high degree of uncertainty, as far as their computational requirements 

are concerned, clouds provided by CSP are a more economically and environmentally 

promising option (Schniederjans & Hales, 2016). Furthermore, a modeling tool was developed 

to compare energy consumption. It calculates the energy savings resulting from moving local 

IT resources to a data center. The simulations show that in the United States of America (USA), 

up to 87% of ICT energy consumption could be saved if all businesses in the USA migrated 

their email, productivity and customer relationship management from their own premises into 

the cloud (Radu, 2017). Similarly, Accenture (2020b), one of the major cloud providers, 

calculated that the potential savings for a company in moving into the cloud amount to a 30 – 

40% reduction of their TCO. Khattar et al. (2019) investigated the state-of-the art optimization 

of energy efficiency in green cloud computing by classifying different optimization and 

dynamic management methods for data centers. They concluded that schedule algorithms are 

the most used techniques for reducing energy consumption. They also pointed out that common 

indicators for efficiency consideration are resource utilization, number of cores, node 

utilization, number of servers, and CPU utilization. An important indicator of a green cloud, on 

the other hand, is CO2 emissions, which give an indication of the environmental friendliness of 

a data center. 

Renewable energy sources play an important role in making IT environments more sustainable 

and greener, as well as generating electricity at a cheaper cost. To overcome the problem of 

intermittent availability of renewable energy, geo distributed task migration and volunteer 

cloud computing can play, according to Pierson et al. (2019), a significant role by distributing 

and managing computationally intensive tasks. F. Yang and Chien (2018) calculated that if data 

centers only used renewable energy instead of energy generated by fossil fuel, they would 

achieve a long-term cost saving of about 50%. However, exclusive use of renewable energy is, 

due to its intermittent nature, not yet realizable (Patchell & Hayter, 2021). With solar energy, 

the intermittency problem of a renewable electricity supply is obvious: it increases gradually 

during the morning; reaches its peak at noon; and progressively slows down according to the 

sun’s position, while the demand for computing capacity runs in the opposite direction and 

peaks in the evening hours. Capizzi et al. (2018) developed a management solution that models 

the behavior of a solar energy system and consumption device to determine the optimal energy 
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distribution between both instances. Courchelle et al. (2019) studied the efficient use and 

storage of solar energy in data centers. They developed an algorithm that uses solar energy to 

plan and make decisions during renewable energy supply. This allow VMs to prepare a schedule 

using the smallest amount of energy from fossil fuel as possible. Their simulation, based on 

Google data, examines the dependencies between the components for storage (batteries) and 

renewable energy production (solar panels). Gu et al. (2018) investigated how data centers can 

be powered by self-generated wind energy. Thereby, they highlighted the possibility of energy 

trading with the power grid. This means, if overproduced energy cannot be used or stored, it is 

sold to refinance part of the energy expenditure of data centers.  

An approach to green energy management is based on “Green SLAs.” Hasan et al. (2017) 

highlighted both the intermittent nature of renewable energy sources and the fact that the best 

location for producing renewable energy was not always the best location for building a data 

center. Therefore, they introduced the possibility of virtualizing green renewable energy, which 

increases the greenness, rather than the amount of green energy. This is done by summing up 

the interval of overproduction as a surplus interval and cancelling it with degraded intervals of 

renewable energy production. Such green energy balancing enables the grid operator to cover 

the electricity demand, which in turn enables the CSP and the CSC to always use the full 

potential of computing capacity, and this ensures QoS compliance agreed in the SLA. A further 

Green SLA-based scheduling framework for executing independent jobs was elaborated by 

Kumar and Vidyarthi (2017). Their "Green SLA" scheme automatically negotiates, along 

predefined boundaries, the use of renewable energy in terms of time span, efficiency, and cost 

between the CSP and the CSC. It also integrates a strategy to consolidate and migrate green IT 

resources to ensure cost efficiency without impacting performance or violating the SLA. 

Another green approach concerns the supply chain of the cloud computing industry. Its 

objective is to lower the ICT carbon footprint of all involved stakeholders. For instance, K.-Q. 

Wang et al. (2017) assessed the green performance of energy providers, data center owners, 

CSP as well as CSC using economic and environmental criteria. They developed a multi-criteria 

decision-making model as a guideline for selecting the most suitable green supplier (in this 

case, CSP).  

3.2. Magnitudes of Influence  

From the previously identified technical insights it can be concluded that research efforts have 

tackled a vast number of different optimization approaches all consisting of different strengths 
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and weaknesses. Several research efforts have focused on the various opportunities and 

limitations of cloud computing for stakeholders. The opportunities consist of benefits, while 

the limitations consider the different risks and challenges of cloud computing. Both, the 

opportunities and limitations of green cloud computing will be discussed from now on. This 

will be followed by a discussion about the renewable energy supply as well as its purchase. 

3.2.1. Opportunities and Limitations 

The opportunities can be summarized as reduced investment and proportional costs and an 

increased scalability, availability, and reliability (Erl et al., 2013), which can be derived from 

the six initial cloud characteristics described in Chapter 1.3. While most of the research 

community agree in general about the core benefits of cloud computing, the details are very 

diverse. A detailed overview of the benefits on the software level includes: on-demand 

computing resources for optimizing workload schedules (Attaran & Woods, 2018); nearly 

infinite scalable computing capacity (Cotes-Ruiz et al., 2017); and increased reliability through 

multiple protection of physical and virtual servers in globally distributed data centers (Ullah et 

al., 2020). On the hardware level, the benefits consist of: the elimination of investment and 

maintenance expense due to the outsourcing and leasing of IT resources (Garg et al., 2011); 

operating costs tailored to requirements due to elastic scaling and pay-as-you-go business 

model (Ismail & Abed, 2019); as well as speed up development cycles (Jing et al., 2013). For 

consumers, the cloud environment provides massively scalable service and cost savings. It 

enables them to plan their future capacity needs and adapt them on demand, to reduce their 

operational cost as well as to increase their agility (Xiong et al., 2012). Another great benefit 

for young or smaller companies without their own IT infrastructure is that they do not have to 

invest enormous costs in the hardware installation. They can lease the needed computing 

capacities and scale them depending on their demands (Bianchini et al., 2017). A few of the 

identified documents investigated the economic impact and benefits of cloud computing on 

consumers (Xiong et al., 2012). Here the data centers’ TCO, as well as the effects of the 

inclusion of renewable energy, are important fields which are increasingly coming into focus. 

However, the amount of savings cannot be generalized and must be evaluated on a case-by-

case basis, as many factors of the consumer have an impact (cloud readiness, existing IT 

infrastructure, available budget, governmental regulations, carbon emissions, and subsidies).  

The potential limitations of cloud computing can be summarized as, performance inefficiency, 

security vulnerabilities, limited operational governance, lock in effects, and multi-regional legal 
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issues, all in context with energy efficiency and SLA compliance (Dupont et al., 2018).  

Performance inefficiency is a result of the tremendous increase in demand for cloud computing 

and is caused by the increasing amount of data and information that needs to be transmitted and 

processed. This creates the significantly growing problem of energy consumption and heat 

waste, which are accompanied by serious environmental impacts: the exploitation of rare earth 

elements and resources; electronic hardware waste; the CO2 as well as the superordinate GHG 

emissions; and environmental pollution. To meet this challenge, research efforts have 

investigated the various physical and virtual optimization and efficiency strategies for data 

centers, described in Chapter 3.1 (Lykou et al., 2018). As far as the security issue is concerned, 

the risks of cloud computing are increased by the fact that the responsibility for data no longer 

lies solely with the consumer. In a private cloud, this is not tragic, because the CSP and the 

CSC can agree on a compatible security framework. However, a private cloud with its own on-

premises data center is not common, not always available, and in other cloud deployments 

models (public, hybrid, or community cloud) a compatible security framework is not possible. 

Here the CSC uploads his data to a third-party public cloud and releases the data from his trust 

boundary. A consequence of overlapping trust boundary is that that the CSP can access the data. 

This means, that the data security is now subject to the processes of both the CSP and the CSC. 

This increases the risk of cyber-attacks involving theft or corruption of business data (Erl et al., 

2013). To address this challenge, Kiran et al. (2011) presented a framework for a risk 

assessment in cloud environments that includes risk identification, migration and monitoring. 

Their framework works with their VM migration strategy to ensure technical security and 

reliable service delivery. Another challenge arises as a result of the CSC having less control of 

the IT resources compared to on-premises solutions. Because an external connection is required 

for communication with the third party cloud operator, this poses a risk (Shojafar et al., 2020). 

The corresponding governance system for the cloud is established by SLAs between the parties. 

However, the level of governance varies significantly according to the cloud delivery models; 

these all have different capabilities, degrees of freedom, and authorization areas. Whereby IaaS 

has the highest degree of governance control and SaaS the lowest (K.-Q. Wang et al., 2017). 

Due to the lack of industry standards in the cloud computing industry, public clouds can be free 

or not free: the so-called ‘proprietary environments’ can vary considerably. For customized 

solutions, this can lead to significant challenges if the CSC wants to switch the provider of the 

proprietary environment. Additionally, the interconnections between different CS applications 

within a company can lead to a lock-in effect, similar to the business models of some social 

media providers (Patchell & Hayter, 2021). The final limitation outlined here concerns the data 
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center location. The data center operator can place data centers at any location in the world. 

Decisive factors determining location can be accessibility to renewable energy, cooling 

resources, network connectivity, low operating costs, regulations, and subsidies. The resulting 

multi-regional locations can create compliance and security issues for the CSC. Furthermore, 

the geographical location of data can establish legal problems with the industry or government 

regulations concerning the privacy, security, or storage policies of data. For instance, a 

European CSC´s data located in the U.S. can be more easily accessed by government agencies 

(through the U.S. Patriot Act) than data located in many European Union (EU) countries (Erl 

et al., 2013). In other countries, such as China and Russia, government regulations are even 

more obscure and difficult to understand. 

3.2.2. Renewable Energy and Purchase 

The global power consumption of data centers creates a massive carbon footprint. Data centers 

are located all over the world and are connected to the local power grid. They are operated by 

several different operators, as well as regulated according to different industry and government 

specifications. Furthermore, data centers are highly dependent on the local grid's electricity mix 

which makes an accurate estimate of the carbon footprint nearly impossible (Malmodin & 

Lundén, 2018). The ongoing trend toward renewable energy sources for energy generation 

(including electricity, heat, and transport) is still evolving, with a global share of 15.6% in 2020 

(about 36,7% for pure electricity generation), see Figure 7. However, this increase has been 

insufficient in the last decade. Furthermore, it is foreseeable that the share of renewable energy 

will increase steadily because the price of renewable energy is in some areas already 

competitive compared to energy from fossil fuels or coal (IRENA, 2019).  

 

Figure 7 - Global Energy Production by Sources 2020 (BP Global, 2020) 

As previously mentioned, the operators' geographic location choice for data center placement 

can be influenced by a variety of factors. These include, among others, country of origin, 
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governmental regulations, climate conditions, geological and geographic constraints, costs and 

subsidies, quality of infrastructure, and renewable energy availability (Khalil et al., 2019). The 

regions with the highest data center density are the USA, European Union (EU), and China, 

followed by the United Kingdom. Emerging countries such as India, Singapore, Brazil, Japan 

and Australia are not as well represented compared to the major regions, but their market share 

is steadily rising due to the decisive factors mentioned above (DataCenters, 2021; IEA, 2020a). 

Figure 8 shows the most important regions and the corresponding local electricity mixes. It is 

important to note that there can be immense local differences in the regional power grid. For 

example, the power grid in California, USA, consists of nearly 95% renewable energy, while 

the power mix in Virginia, USA, is nearly 90% fossil fuel (BP Global, 2020). The magnitude 

of this local difference is increased significantly by the fact that the density of data centers in 

Virginia is extremely high (Patchell & Hayter, 2021). Hence a specific community of counties 

in Virginia is known as Data Center Valley where almost 70% of the world’s internet traffic is 

handled daily (DataCenters, 2021).  

 

Figure 8 - Global Distribution of Data Centers and Energy Mix (Based on BP Global, 2020; DataCenters, 2021) 

One frequently highlighted issue concerning energy generated by renewable sources is its 

intermittent nature (Deng et al., 2014). This is especially important in green cloud computing 

since the demand for computing capacity and the associated energy and resource consumption 

of the data centers is constant and needs to be met securely and reliably (Malmodin & Lundén, 

2018). This is particularly the case with wind or solar energy, because the latter on is dependent 

on the sun cycle and private demand (for streaming, video calling, online shopping) is usually 
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highest in the evening, i.e. after sunset where almost no local solar energy is available (Danilak, 

2017). To handle this issue, approaches have focused on storage as well as scheduling and 

distribution of tasks, which were described in depth in Chapter 3.1.1. 

Regarding power purchase, data center owners, as well as the CSPs, have come under pressure 

due to their increasing energy demand and the impact this has had on global electricity 

consumption. The three major providers in the cloud service industry in 2020, with a total 

market share of 63%, are Amazon Web Services (32%), Microsoft Azure (20%), and Google 

Cloud (9%) (Statista, 2021). Due to increasing public environmental awareness, these global 

IT companies have been forced to greening their data centers as well as their businesses. In 

2011, Facebook became the first IT company to commit powering its data centers with 100% 

renewable energy in the long term. Both Apple and Google followed with the same commitment 

a year later, and AWS and Microsoft in 2014. This pioneering role by the major internet 

companies has motivated several other companies to implement targets of 100% renewable 

energy usage (Patchell & Hayter, 2021). The key drivers for this adaptation have been 

renewable energy competitiveness, brand reputation, and the growing number of energy-

conscious business customers (Mayer & Gereffi, 2010). In addition, many governments are 

setting climate and energy targets to motivate companies operating in the marketplace to being 

more  transparent and committed to reducing their energy footprint (Greenpeace, 2019). 

However, the green power supply in many countries is regulated and strictly limited. Therefore, 

it is often not possible to respond adequately to the accelerated renewable energy requests of 

the cloud industry. The solution of building and operating data centers directly next to 

renewable energy power plants is not always suitable for the CSP, due to climate or geological 

conditions or grid regulations (Malmodin & Lundén, 2018). Therefore, they have to invest huge 

amounts of money into third-party development of the renewable energy grid at their operating 

regions. This has been done, for example, through Power Purchase Agreements (PPAs), 

Renewable Energy Certificates (REC), or Emission Trading Systems (Accenture, 2020a). PPAs 

and REC are long-term bilateral electricity supply contracts, between a power generator and an 

electricity consumer (in this case the data center owner). The PPAs defines the terms of the 

agreement, such as the amount and type of electricity to be supplied (guarantees of origin), and 

negotiates prices, billing, and penalties for non-compliance. They are becoming increasingly 

important, especially for the renewable energy sector, as many government subsidies have 

expired in the EU (EU, 2021b). Here, PPAs provide long-term opportunities to continue the 

operation of green power generation facilities (wind or solar farms) competitively. Therefore, 
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the purchase of green PPAs makes sense both economically and because it is good for public 

relations. It allows the consumer to control the future of their energy procurement and to support 

the local grid in a sustainable and carbon neutral development. However, electricity generation 

is only one side of the coin. To get a complete picture of the energy position of a sector, it is 

equally important to maintain an overview of consumption. A holistic view of the energy supply 

and demand portfolio, segmented by region, time, and resource type, is essential for sustainable 

development. This type of information is critical for assessing gaps, identifying new 

opportunities, and transitioning to less reliance on conventional generation to balance the 

renewable portfolio (Patchell & Hayter, 2021). 

3.3. Discussion of Key Findings 

The following discussion is based on the already derived key findings in Chapter 2.4. As 

described, these were formulated as a result of the semi-systematic literature review process 

and are as follows: 

I. There exists no clear definition of a green cloud, due to the lack of an industry standard. 

II. There is a distortion of focus due to controversial demand predictions and uncertain 

renewable energy implementation. 

III. Future demand for cloud capacity will only be met by combining technical optimization 

with sustainable economic approaches. 

The review was a necessary first step in drawing a holistic picture and the key findings were 

necessary to structure the discussion as well as the findings. The presented state of research on 

the green cloud computing was conducted to generate an overview of the research efforts to 

date and their impact on the technology. From now on, the three key findings form the basis of 

the following discussion. They guide the economic and environmental implications of the 

current situation and identify missing gaps in the following chapters. Which leads to the 

summary and answer of the first research question in Chapter 3.4. 

3.3.1. Missing Industrial Standard 

The identified documents and research efforts for greening the cloud environment support the 

green agenda only up to a point. The majority of scientific research has focused on energy 

consumption reduction in data centers and has dubbed this a “green cloud”. The main focus of 

research has been on efficient resource management: the implementation of VM consolidation 
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and corresponding migration approaches to optimize the use of server capacities as well as to 

decrease the number of active servers; and the optimization of architecture, hardware, and 

thermal efficiency (reuse of heat, efficient automated cooling). However, it takes more than just 

increasing technological efficiency to develop a sustainable green cloud and make it 

competitive in the long run. One reason for this gap could be that there is no standard definition 

of cloud computing, let alone one for green cloud computing. As a result, all research efforts 

have different assumptions and understandings of what is meant by “green” and what goals 

should be pursued when implementing sustainability strategies. In a sustainable green cloud, 

the pursued optimization approaches are of course all a part of, but are not the essential key for, 

a sustainable green economy. In order to create a framework for an industrial standard, global 

Key Performance Indicators (KPIs) should be considered and developed. These could be used 

as benchmarks and should be published by the CSP to enable the CSC to select providers 

according to environmental standards. Examples of these KPIs could be the power utilization 

effectiveness of data centers, the CSP's investment in renewable energy (in relation to actual 

emissions), or individual indicators such as server, network, storage, and air conditioning 

utilization and efficiency. If a sufficient industrial standard including KPIs were defined, 

compliance with regulatory requirements and benchmarks could take place. In addition, 

certifications by independent environmental associations would support this. An example of 

this is the ecolabel of Blue Angel, which was introduced by the federal government of Germany 

in 1978. The label sets standards for an environmentally friendly IT product design and a more 

sustainable consumption. In the context of the cloud industry, an already developed certificate 

of the blue angels is the "energy-efficient data center operation" (DE-UZ-161) label, where the 

interdisciplinary focus is on the energy efficiency of the entire facility as well as on 

environmentally conscious management (Blauer Engel, 2021). If such a certification 

framework were developed and established globally, the monitoring and benchmarking would 

be accelerated and supported. Furthermore, public awareness of the energy problem of the cloud 

industry would be increased which in turn would exert pressure for transformation. 

The sustainable green economy should aim to preserve the environment as well as serving the 

needs of all stakeholders in line with the Sustainable Development Goals (SDGs) introduced 

by the United Nations (UN) in 2016 (UN, 2016). These integrate, among other things, the 

perspectives of social welfare, long-term economic and operational benefits, as well as 

environmental longevity into the concept of developing sustainability. The SDGs invite 

companies to support climate protection and clean energy. In doing so, sustainable development 



P a g e  | 34. 

  “How can a green cloud benefit business?” T. Roettger 

emphasizes the need to balance environmental, economic, and social development. But to 

implement this, or similar models, the governments, in cooperation with experts from all related 

scientific areas, need to set guidelines. These should include incentives, restrictions, and 

subsidies. For instance, the frequently discussed carbon tax or emission limits could be one 

measure (EU, 2021a). Furthermore, a deeper collaboration of, and an exchange between, the 

CSPs needs to be implemented. For example, nowadays a CSC can have several CSPs. An 

example of this is a hybrid cloud in which the CSC could have different providers: one for the 

private and another for the public cloud; a further CSP for SaaS applications, like the IoT 

integration; and another for PaaS applications including self-made accounting and salary 

software. This forces the consumer to migrate, manage, and bill all their CS requirements with 

various providers in a huge bureaucratic effort. However, for the CSC it would be much easier 

to get a single bill for all their communication consumptions rather than a separate one from 

each provider. This administrative optimization could be done through a superordinated and 

regulated billing center including even governmental regulations.  

However, as a first step, a clear definition of green cloud computing is necessary to focus the 

perspective and concentrate research efforts so that similar assumptions and guidelines are used. 

In the context of an industrial standard, global performance indicators should be considered to 

enable the government as well as the consumers to benchmark the CSP. This is necessary to 

achieve a more focused outcome towards sustainability. Dupont et al. (2018) highlighted that, 

to shape this emerging technology, a sustainable and truly green definition needs to be 

introduced and become state of the art globally and not only for emerging regions like Afrika 

or Asia.  

3.3.2. Challenges of Implementation 

The demand forecast for cloud computing capacity, and therefore the corresponding electricity 

consumption of data centers, is disputed and therefore uncertain. Even the current consumption 

of data centers leaves room for interpretation. Electricity demand estimates for global data 

centers are currently at 1%, using conservative estimations, and are projected to increase to 3% 

of global electricity consumption in a best-case scenario (the lowest increase) for the year 2030 

(Andrae & Edler, 2015; Jones, 2018; Malmodin & Lundén, 2018). However, frequently cited 

forecasts estimate the increase to be 7% in the best case and 20% in the worst-case by 2030. 

Other estimations range from 0,8% (Masanet et al., 2020) up to even 10% (Belkhir & Elmeligi, 

2018) in a best-case scenario for 2030 (Accenture, 2020a). Regardless of the actual amount, 
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however, all forecasts agree that demand, and correspondingly the electricity consumption, will 

increase. This work follows the estimates of Andrae's and Edler’s (2015) best-case scenario, as 

this forecast most realistically predicts the course of events up to the present year. They weighed 

the strengths and opportunities, as well as the threats and risks very precisely and transparently 

against each other. In addition, they looked at the past decade of the entire ICT sector and used 

this to derive their future forecasts, with different scenarios for various cases. All these factors 

indicate acceptable precision and reliability for the context and objective of this work. 

To answer the increased electricity and computing demand for services from the cloud industry, 

vast amounts of rare resource and electricity generation are necessary when considering the 

actual technical state. According to Masanet et al. (2020), the current ongoing optimization 

efforts will not be enough to meet the exponential demand increase. Additionally, rare resources 

as well as electricity generation from fossil fuels, coal, and gas will come to an end due to 

limited availability and conservation projects. Therefore new, innovative, and “out of the box” 

approaches must be developed. The pure rescheduling of workload or virtualization of green 

electricity, as currently pursued, does not achieve a sustainable electricity demand. The 

innovative approach must consider a 100% use of renewable electricity to supply reliably and 

economically the exponentially increasing demand in the future without further destroying and 

exploiting our planet. In this context, Hasan et al. (2017) highlight the dependence of weak 

green power generation phases on the power supply from fossil fuels for data center operation. 

A potential first step towards a green energy supply has already been undertaken by the cloud 

industry. Mayer and Gereffi (2010) highlighted, other industrial organizations such as oil and 

automotive companies, which are directly affected by the impact of climate change but are not 

initiating the strongest response. In contrast, cloud companies have introduced a way to manage 

the commercialization of electricity efficiency through the PPAs. Cloud firms initiated this 

trend because electricity is their major expense, and it can be measured and reduced through 

commercialization. Additionally, they were pushed to respond because their global reputation 

was at stake. This approach created the opportunity for companies to enter foreign markets and 

to innovate the local electricity grid by integrating the innovations of renewable energy 

generation and supply. Thus, it enabled the cloud computing industry to improve both, their 

financial and reputational risk parameters. In this context, cloud companies have been 

particularly attracted to countries that have already established open and competitive energy 

markets. This is particularly evident in the Nordic countries (Norway, Sweden, Denmark), 

Chile, and Australia, where the prior establishment of competitive energy markets and 
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corporate access to green PPAs and REC has facilitated the coupling of data centers and 

renewable energy. But PPAs do not guarantee that the owner’s data center is powered with 

renewable energy. Therefore, the countries where the PPA is valid and where the data center is 

operated from are important considerations. Green PPAs, depending on their contractual 

agreements, only ensure the development of the renewable energy infrastructure (like power 

plants, grid, storage) and the share within the local grid. The data center operator, however, has 

neither short-term possibility to control and track this development nor to determine the green 

supply. Therefore, it remains to be mentioned that although major participants invest vast sums 

of money in PPAs, this does not make their data centers “green”. This can be seen in the 

example of Virginia’s Data Center Valley in the USA. According to Greenpeace (2019) 

estimations, this county handles as much as 70% of the world’s internet traffic on a daily basis, 

but the supply using renewable electricity in this county is below 3% (BP Global, 2020). It 

becomes clear that the Data Center Valley is not as green as is sometimes propagated by 

marketing campaign. Another example is China. As one of the fastest growing markets, it has 

a renewable energy share of 25%. This share includes 80% of energy mainly from the 

hydroelectric power plant at the Yangtze river known as the Three Gorges Dam, Yichang, China 

(State Council P.R.C., 2020). But the greenness of this project, as well as other hydroelectric 

dam projects, is controversial due to the environmental and social impacts caused by the 

damming of the immense water masses and the ensuing, and sometimes harsh, resettlement of 

the population. These examples make it clear that switching to, and sourcing, renewable energy 

sometimes requires drastic action and thinking outside the box (regardless of whether its source 

is wind, solar, or hydroelectric plants). However, a change in the status quo will always be 

necessary to face future challenges appropriately.  

One innovative architectural approach has come from a company in Germany called the "Green 

IT Cloud". They have pursued the approach of operating data centers in the towers of wind 

turbines. This means that up to 90% of IT resources can be supplied using renewable energy 

directly at its place of origin. This could make the Green IT Cloud a zero-emission solution, as 

transport routes are eliminated, resulting in sustainable and economical cloud computing. 

Another advantage is that wind turbines offer plenty of space in their existing architecture for 

installation. Furthermore, integration into towers promise protection against natural or technical 

interferences like fire, disturbances, or access by illegal third parties. The cloud is connected to 

two independent network operators, a wind and a fossil operator, thus solving the problem of 

intermittent supply and ensuring up to 99.98% reliability (GREEN IT, 2021). 
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3.3.3. Missing Conceptual Link  

The business world bears a great responsibility for the required change in social behavior 

because it is crucial for the prosperity of the population. In addition to the role model function, 

companies face the challenge of increasing globalization and digitization, accelerated by the 

current COVID-19 pandemic. To meet corporate and environmental challenges and to keep 

pace with the digitization, the paradigm of green cloud computing is becoming increasingly 

attractive. However, in most research efforts the focus has been primarily on technical 

improvement neglecting environmental and social impacts. While 79% of the identified 

documents deal with the target groups of hardware and software, only 21% of the research 

documents deal with, to some extent, the influence on CSPs and CSCs. Furthermore, the 

research tradition of computer science with 76% is strongly reflected in the field of green cloud: 

67% of the identified documents are concerned with sustainability and environmental science 

and a further 42% deal with engineering science. However, only 20% refer to the field of 

business administration and 1% with the economic impact on the consumer. Clearly, some 

authors presented their work in the light of more issues and dimensions, e.g., allocation and 

virtual machine, or application and green economy, falling into two or more scientific fields 

and overlapping accordingly. However, all the identified approaches were very biased toward 

technology, and did not consider the economic sustainability of data centers and the cloud 

environment holistically. This lack of any combined economic, environmental, and social 

incentive approach will not sustainably lead down an efficient path. More innovative concepts 

are needed to stimulate an urgency and a willingness to change among all stakeholders. 

Therefore, environmental and social capacities need to be truly coupled to enable the ongoing 

expansion of cloud computing technology (including the indigenous data centers). Here, the 

stand points of all stakeholders (for instance, the energy provider, data center owner, CSP, CSC, 

and end-consumer) need to be considered in developing an innovative green cloud approach. 

All participants need to have an intrinsic motivation to implement, use, and highlight the green 

aspect of cloud computing instead of simply being attracted to a state-of-the-art cloud 

environment. In this context, the SDGs call for companies to support climate protection and 

clean energy. In doing so, sustainable development emphasizes the need to balance 

environmental, economic, and social development (Dupont et al., 2018). Similarly Lykou et al. 

(2018) highlighted, that the use of renewable energy, the optimization of energy efficiency, the 

minimization of resource waste, and also a social contribution towards the environment will 

contribute to the creation of real sustainable clouds in the long run. Therefore, the current wave 
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of research must look beyond the end of its nose and, in addition to hardware and software 

optimization efforts, also include the social and economic aspects in any subsequent research 

wave. This includes the SDGs and makes sense not only environmentally, but also 

economically and socially. Agile and appropriate action is necessary to tackle the upcoming 

problems of increasing computing demand, limited resources, and climate change. 

3.4. Results of the first Research Question 

As a result of the semi-systematic literature review, the current state of research of the green 

cloud computing technology was presented. This enabled an understanding of the research 

traditions and their historical development. Furthermore, three key findings were discussed to 

structure the research approaches and gaps. The contribution of this current paper is to compile 

the technical, social, and economic issues of the broad field of green cloud computing, which 

has not until now been done. Finally, the acquired knowledge is used to answer the first research 

question: 

Does profitability conflict with environmental friendliness in cloud computing? 

As previously stated, scientific attention has been focused less on business or environmental 

than on technical improvements. However, the economic, environmental, and social science 

directions are becoming increasingly important in the context of green cloud computing, see 

Figure 6. But they are wide ranging and not bundled due to the lack of an industrial standard. 

This could be optimized by introducing a standardized definition for green cloud computing, 

which should be aligned with KPIs, the SDGs and the green economy.  

Based on the findings, it can be summarized that profitability and environmental friendliness 

in cloud computing are not only not mutually exclusive, but a green transformation of the whole 

industry is necessary to make it sustainable and economically efficient in long term. This is 

supported by the fact that the demand for resources and energy is expected to increase 

immensely and that, in addition to the climatic impact this will entail, the supply of fossil fuels 

is coming to an end. Moreover, the power consumption plateau of the last decade can be mainly 

explained by workload shifts towards efficient cloud or hyperscaler data centers. The potential 

for further improvement in this area, however, is now limited. Current research efforts in green 

cloud computing strive to achieve efficient resource management primarily through the 

implementation of VM consolidation and corresponding migration approaches to optimized use 

of server capacities, or through the optimization of hardware and thermal efficiency (reuse of 
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heat, efficient cooling). This optimized resource management in turn has a direct impact on 

energy consumption, resource usage, as well as the carbon footprint and thus on the economic 

sustainability of the entire cloud industry. These approaches towards handling the computing 

environment are good and necessary, but a combination of economic, environment, and social 

aspects along the guidelines of the SDGs in the development of this emerging field is urgently 

needed. Some promising innovative approaches which combine the SDGs and their aspects 

have been addressed in this work: a100% use of renewable energy, the strategic placement of 

data centers, incentives, auctions, and taxation models. However, all these approaches raise new 

questions as well as problems and still need to be proven and established in the market.  

Finally, the documents identified conclude in different ways, that more efficient resource use 

consistently leads to a greener cloud environment and sustainably reduces the economic 

expenditure of both the providers and consumers. But with the environmental challenges and 

the climate change ahead, the main goal of green cloud computing should not only be to 

increase the performance, revenue, and competitiveness for its stakeholders. Only a corporate 

environment that combines the cloud transformation and green sustainability along the 

guidelines of the SDGs will be competitive in the long run. Therefore, sustainability should be 

included into the transformation as a pillar for prosperity and social well-being to shape the 

future with foresight.  

4. Discourse: Entrepreneurial Incentive for Green Cloud? 

Based on the previous investigation of the state of the art in green cloud computing and on the 

results of the first research question, the following chapter goes one step further. As discussed, 

the majority of research efforts have focused on improving data center hardware and software 

to optimize the cloud environment and make it environmentally friendly. This can be classified 

as “technology push innovation” because providers push these innovations into the market to 

reduce their costs. However, far less attention has been paid to understanding the strategic 

benefits of a more sustainable cloud and its infrastructure. This lack of attention is also 

particularly evident in the priorities of the consumer and society as a whole. Addressing the 

challenges of climate change requires a change in the behavior and attitude of all participants. 

Various tools have been discussed, or are under development, to force a change in thinking and 

acting. These include so-called “regulatory push innovations” such as taxes, regulations, and 

subsidies for sustainable projects. In addition to these policy instruments that act externally on 

a company, other internal factors can be added to the list of innovative instruments. These are 
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voluntary processes carried out by organizations themselves. To some extent, these can be 

understood as internal driven innovations as well as external “market-pull innovations” due to 

public environmental awareness and the desire to secure the company's reputation. Therefore, 

the following chapter takes the already outlined missing economic, environmental, and social 

perspective of the CSC into account. For this purpose, the advantages and disadvantages of 

green cloud computing for the consumer of cloud services are discussed. In addition, possible 

external regulatory concepts such as the carbon dioxide emission standard, or internal concepts 

driven by market demand like corporate social responsibility, are included in the discussion. 

Based on this, the second research question – “What are the impacts and incentives for the 

consumer in using a green cloud?” – will be answered. Here, the focus is on the sustainable 

economic incentives for the consumer. 

4.1. Advantages and Disadvantages for Consumers 

The fundamental advantages for the consumer in green cloud computing are similar to the 

advantages of cloud computing generally. These are reduced investments or proportional costs 

as well as an increased scalability, availability, and reliability of IT services, as described in 

Chapter 3.2.1. The conceptual difference of green cloud computing, however, lies in its 

sustainability and resource aware interaction with the environment. This can be achieved first 

by establishing a definition of green cloud as a standard. Based on this, the research and 

development efforts can unfold in a focused manner along specified guidelines to pursue a 

primary goal, namely the sustainable and careful utilization of the given resources of our earth. 

This benefits not only the provider in the long term, but all parties involved, from the network 

operator to the data center operator, provider, consumer, and end user, no matter which delivery 

or deployment model is used. Nevertheless, the greatest economic, environmental, and social 

advantage is currently being realized in the public cloud and SaaS. This is mainly due to the 

maximum possible energy-aware utilization of its IT resources. Here the CSP can develop all 

applications optimally for use in the cloud and coordinate their global deployment in the best 

possible way to reach as many consumers as possible efficiently and simultaneously. However, 

to achieve a green cloud, large sums of financial up-front investments need to be made by the 

network operators, the data center operators, and the providers. These must be used to change 

the entire infrastructure. This change begins with the significantly accelerated expansion of 

renewable energies, including grid expansion, followed by further optimization of software 

programs and hardware components, and ends with sustainable and socially acceptable 



P a g e  | 41. 

  “How can a green cloud benefit business?” T. Roettger 

migration of cloud application in the established IT infrastructure and our daily lives in general. 

The resulting costs will be reflected in the operating costs of the providers, which in turn will 

primarily be passed on to the consumers. For the consumer of its services, however, the 

sustainable transformation of the cloud environment allows long-term application and 

increasing usage options without harming the environment, while still exploiting the full 

potential of cloud technology. This is not guaranteed in the cloud environment as we know it 

today, as resource scarcity and advancing climate change limit provision of computing capacity. 

But, due to the additional short-term costs, green cloud computing has not been financially 

attractive for consumers recently. However, in the long term, this approach can ensure the 

economical and sustainable availability of computing capacity through the cloud. Furthermore, 

this leaves room for the further spread of technology into everyday life, for example in the 

establishment of autonomous driving technology. 

In this context, an emerging important approach that was not considered in the identified 

literature is the increasing development and implementation of “cloud native applications”. 

This aims to utilize the full potential of the IT resources in the data center and can reduce CO2 

emissions by up to 98%, compared to individual on-premises solutions (Accenture, 2020b). 

Cloud native means that applications are developed, configurated, and operated directly in the 

cloud and thus usage is optimized within the cloud. Only in this way can all the advantages and 

innovations of technology be fully exploited. However, one of the major hurdles is the 

established, inefficient, and expensive legacy software systems of companies. These still 

control many of the core processes in most companies and are highly integrated into existing 

processes. In most cases, removing these is, in the short term, very expensive and time-

consuming. Therefore, a paradigm shift in the entire IT world is necessary to enable companies 

to master the path to cloud native IT infrastructure. According to Herrmann (2020), the editorial 

manager of a recently published study in cooperation with Deloitte, such a paradigm shift must 

not only include technical aspects, but must also entail sustainable and resource-saving aspects. 

In the long term, such a paradigm shift must and will lead to a green cloud, because current 

evidence shows that “business as usual” is no longer tenable. 

4.2. Emission Certificates and Trade 

To provide further incentives and accelerate the sustainable adaptation of a green cloud for all 

stakeholders, different approaches can be pursued to reduce the GHG and therefore the 

associated CO2 emissions. A regulatory push approach are the emission certificates. These are 
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standard certificates that specify emission limits, broken down to individual sectors and 

participants. It can encourage parties to decrease CO2 emissions. In the context of cloud 

computing, such an emission standard gives the external incentive for consuming companies to 

implement a green cloud by reducing their own carbon footprint. For instance, a new study by 

Accenture shows that a significant reduction in CO2 emissions can be achieved by migrating 

on-premises ICT to a public cloud. The total emission savings are estimated to be 5.9% or 60 

million tons of CO2 worldwide per year. This equates to 22 million cars disappearing from the 

roads (Accenture, 2020b).  

The first global agreement to implement an incentive scheme based on the mechanism of 

emission certificates was reached in Kyoto in the Kyoto Protocol and adopted in December 

1997 (UN, 1997), it was further anchored in the Paris Agreement (UN, 2015b). In line with 

these agreements, certificates are issued in the EU to the emitting sectors and companies stating 

the amount of permitted emission levels. One certificate entitles the holder to emit one ton of 

CO2 or a comparable quantity of GHG. If the actual emissions by the cut-off date (April 1st of 

each year) exceed those allowed by the certificates, the companies concerned must pay penalties 

– recently 100 euros per missing certificate – and subsequently submit a valid certificate. The 

issued certificates are allocated and can be partly traded according to the cap & trade principle 

(EU, 2021a). Article 6 of the Paris Agreement allows parties to trade their emission certificates 

globally (UN, 2015a). Therefore, trading certificates has become a widely accepted and 

conducted business method, resulting in the development of complete emissions exchanges in 

the EU and worldwide. These platforms are for instance the European Climate Exchange in 

London, the European Energy Exchange in Leipzig, or the Energy Exchange Austria in Vienna. 

As a global trading platform, the Blue Next environmental exchange at the New York Stock 

Exchange is in high demand (EEX, 2021). The EU developed the Emissions Trading System 

(EU ETS) scheme and introduced it in 2005 (Convery, 2009). The EU ETS is planned in four 

different phases up to 2030. Because the total number of certificates decline each year, 

companies have a great incentive to decrease their emitted emissions. In the fourth phase, 

starting in 2021 and lasting until 2030, the reduction of certificates will be increased from 

1,74% to 2,2% per year to reach the climate targets of the EU in 2030. Due to the scarcity of 

emission allowance certificates and driven by the penalty and reduction method, additional 

costs are incurred by the targeted industries. The emitters shift the additional costs to their 

opportunity costs and, depending on the market situation, pass them on to customers. This in 

turn increases the price but also the incentive for the customer and for the producer to become 
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emission neutral. Supply and demand on the trading exchanges determine the price of each 

certificate. After the introduction in 2005, the electricity price in the EU increased by 22€/MWh 

in one year, which indicates that the certificate and electricity price are correlated. It is often 

concluded that this is indicative of the functioning of the EU ETS (EU, 2021a). However, a 

common criticism of the EU emissions trading system is that too many certificates were issued 

at the beginning (over-allocation) and therefore no incentive for the industry was given to lower 

their emissions (Hintermann, 2010). A total of around 2,150 million certificates were issued in 

2005, but only 2,012 million (2005), 2,034 million (2006) and 2,050 million (2007) certificates 

were required (EU, 2013). But according to environmental economists from the MIT, this 

unexpected under demand was a result of industries optimizing processes to reduce emissions 

incentivized by the announcement of the emission certificates (Ellerman & Buchner, 2008). 

According to the Catholic University of Leuven, emissions caused by electricity production in 

EU from 2005 to 2006 were reduced by 35% (Delarue et al., 2008). 

Linking the EU ETS to the green cloud paradigm is essential to its economic durability. As 

Alfonso et al. (2013) pointed out, migrating corporate IT to a cloud environment, and thus 

uninstalling the individual inefficient on-premises solutions, leads to a much more efficient, 

environmentally friendly, and thus sustainable application of a company's IT infrastructure. For 

instance, Accenture (2020b) estimated a CO2 reduction of up to 84% and an energy reduction 

of up to 65% of their IT infrastructure when companies with average on-premises IT implement 

a green cloud environment. This enables CSCs to save expenditure on emission certificates, 

trade their residual certificates and thus increase their competitiveness. Moreover, all CSP 

marketing materials suggest that moving to the cloud will reduce the environmental footprint 

of the IT environment. And in fact, the major providers of cloud applications are large 

promoters (through PPAs) and consumers of renewable energy due to the nature of data centers. 

They also have the lowest energy waste scores and are continually developing innovative and 

more efficient equipment (Patchell & Hayter, 2021). However, the CSPs keep their real 

emission data under wraps, which is why the traceability of their environmental friendliness 

remains questionable. Given this secrecy, confirmation of emissions savings claims with real 

data is, therefore, not possible. Microsoft was the first provider who published a sustainability 

calculator in January 2020. This enables customers to calculate the CO2 and overarching GHG 

emissions of their applications. However, only a fraction of customers have access to this 

calculator (Microsoft, 2020). Due to the increasing public attention of environmental issues, the 

pressure on CSP is growing. In 2021, Google published an overview of which data centers are 
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operated with which electricity mix (Google Cloud Blog, 2021). This shows that the CSPs are 

trying to create the transparency, which is necessary to evaluate the environmental footprint of 

a product or service. But the current lack of data makes it impossible for CSC to calculate and 

thus meet the CO2 reduction requirements itself which would be a necessary step. As Mytton 

(2020) points out, to ensure that the environmental impact of the green cloud application is not 

just a marketing tactic and to increase credibility, providers must either release the required data 

or perform the calculations on behalf of their CSC. This could allow consumers to include these 

emission savings in their company's carbon footprint reduction. In the context of carbon 

certificates, this in turn provides a significant incentive for consumers to migrate their IT to a 

green cloud, choosing the best possible sustainable option that makes the most long-term 

economic sense. To create more transparency, the Austrian company Txture has developed a 

benchmark platform to make the costs, technical features, and compliance regulations between 

the different CSPs comparable for the consumer. According to Txture’s CEO, Dr. Matthias 

Farwick, a next step towards green transformation could be to integrate data center carbon 

emissions into their benchmark platform. This would allow CSCs to select their providers based 

on financial, technical, and environmental considerations. However, this would require all 

providers of CS to publish the emissions of their corresponding data centers (Txture, 2021). 

4.3. Corporate Social Responsibility 

In addition to the emission certificate and taxation instruments outlined in the previous chapter, 

further tools for accelerating the transformation of the IT environment need to be considered. 

This is where Corporate Social Responsibility (CSR) comes in, driven by external market 

demand and the intrinsic motivation of the actors. However, in the context of this work, a link 

between CSR and scientific cloud research could not be found, and certainly not with the green 

cloud. None of the available databases and scientific search engines yielded a result. CSR, 

however, could be another powerful driver for companies to create real sustainable value for 

humanity as they transform their often inefficient on-premises IT into a green cloud. Currently, 

companies often get rid of their increasing digitization, datafication, and the associated rising 

energy consumption by outsourcing to the cloud. This is done by using the outsourced CS and 

handing the correlated emissions from the energy consumption over to the providers. But 

blaming these emissions on the CSP balance sheet neither improves the situation, nor does it 

demonstrate responsible behavior towards the environment by the CSC. Therefore, companies 

should develop sustainable policies not only for themselves or their marketing departments, but 
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also to incorporate their entire network of suppliers into their strategies. This is in line with the 

already mentioned green supply chain in Chapter 3.1.3. 

The concept of CSR reflects a form of corporate self-regulation which is integrated into the 

business model of a company. This goes beyond compliance or statutory requirements and 

engages actions that offer social good, including philanthropy and volunteering initiatives 

(Wood, 1991). This sense of responsibility toward the community and environment can be 

expressed, for instance, through environmental protection actions, contributing to educational 

programs, or promoting supporting social initiatives (EU, 2001). The efforts of large cloud 

companies like AWS, Google, or Accenture with their PPAs can be seen as being as CSR 

compliant. However, this is currently very controversial. The PPAs still have to demonstrate 

their true benefit to the environment in order not to be considered as merely a “green washing” 

marketing campaign. Green washing is not a new phenomenon, it means that a company or 

organization engages in activities designed to give the impression that they value the 

environment, even if the actual business is harmful for it (Laufer, 2003).  

However, not only the CSP bears responsibility. It is also the responsibility of the consumer as 

well as the end user to demand, support, and promote a more sustainable use of the resources 

we have left. To achieve this, all stakeholders must to an extent bear the costs of change, be 

open to innovations, and accept the possible destruction of established habits. It is precisely this 

that underpins the concept of corporate or organizational social responsibility, as both the public 

and the shareholder are already beginning to demand more corporate sustainability and clearer 

regulations. For example, an article published in the Guardian stated that a group of influential 

investors from the United Kingdom urged that a climate risk report should be mandatory for 

the biggest companies and that it needed to be included in the annual report. This could have a 

great impact on the sustainable and environmental behavior of larger companies, as well as 

being a performance indicator for shareholders independent of the stock exchange market 

(Makortoff, 2020). In addition to the corporate and consumer perspective, the effect of 

environmental and social corporate measures on a company's employees must not be neglected. 

Meynhardt et al. (2020) investigated the effect of creating organizational public value on 

employees' life satisfaction as well as on their commitment, performance and identification with 

the company. Their results show that the indirect effects of organizational public value on 

employees' life satisfaction via work engagement and organizational citizenship behavior are 

significantly increased when more CSR is adopted by the company.  
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But the link of CSR with the cloud or the CSC has been not done until now. Due to the lack of 

CSR investigation in the context of the cloud environment, this work relies on a few existing 

studies of CSR in the context of a general green ICT environment taking all three perspectives 

into account (corporate, consumer, employees). Here, recently published studies have 

developed a framework for the connection of CSR and green ICT, from which 

recommendations for the green cloud can be made in the next step. 

For instance, McWilliams and Siegel (2000) separate two different types of CSR within a 

company. These are strategic CSR and responsive CSR. The first is anchored in the strategic 

vision of a company and thus aims at a long-term competitive advantage. In contrast, the latter 

one, the responsive CSR, shows a limited integration in long-term strategy. In this context, 

Bocquet et al. (2014) as well as Bohas and Poussing (2016) emphasized the correlation between 

strategic and reactive CSR with different technological innovations. Thus, a more strategic CSR 

drives the more long-term product innovations, whereas a reactive CSR tends to drive the 

sometimes short-term and necessity-driven process innovations. In the end both are necessary 

for a holistic transformation. In the green cloud environment, the sustainable extent and 

direction of an CSR integration into the company’s vision and strategy needs to be investigated 

in more depth in further research. But a strategic CSR could be implemented to create a 

sustainable vision and to direct a long-term strategy of a company, which is intrinsically 

motivated to transform its IT infrastructure into a sustainable and resource-aware future. 

Reactive CSR is necessary to be able to respond to unforeseen problems or situations at short 

notice. This shorter-term reactive CSR can be realigned spontaneously and on demand along 

the corporate guidelines or a code of conduct which is set by strategic CSR. The results 

presented by the studies suggest that both CSR schemes and the successful adoption of more 

sustainable green IT are highly correlated. This is consistent with other studies that emphasize 

the importance of corporate voluntary actions as drivers of environmental innovation, corporate 

reputation, and employee engagement (Le Bas & Poussing, 2013; Veugelers, 2012). This again 

shows that an environmentally conscious corporate commitment is influenced by economic 

factors (cost savings), the desire for social acceptance (corporate image), and also by their core 

values (an element of CSR).  

4.4. Results of the second Research Question 

In the previous discourse, current potential impacts and incentives for consumers to accelerate 

the green cloud transformation were outlined. The scientific gap of these topics was identified 
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through the previously conducted literature review and key finding discussion. During the 

documentation of the discussion, it quickly became clear that the identified gap has many 

different approaches, advantages, and disadvantages. Based on this, the second research 

question can be answered, within the limits of the current state of knowledge: 

What are the impacts and incentives for the consumer in using a green cloud? 

The advantages of a cloud are reduced investment and proportional costs as well as increased 

scalability, availability, and reliability. In addition, the use of a green cloud brings sustainable 

and long-term serviceability to increasing demand. By implementing a green cloud, the full 

potential of the technology can be realized without harming the environment. This enables 

sustainable use and offers even greater application possibilities. A disadvantage is the large up-

front investment necessary for infrastructure, accessing renewable energy, and hardware and 

software optimization.  

As motivators for all participants, external and internal incentives have been discussed. The 

drivers can be distinguished between technology pushed, regulatory pushed, and market pulled 

innovations. Technology pushed innovations were described in Chapter 3.1 and are currently 

the main component of efforts. In the context of regulatory pushed innovations, the issuing and 

trading of emission certificates were discussed. One problem here is that simply shifting 

emissions from the consumers’ environmental footprint to the provider does not represent a 

reduction or improve our environment. Additionally, the true emissions of the large CSPs and 

their data centers have been kept secret for a long time, which is currently in a state of flux. 

This is where the intrinsic motivation concept of CSR comes in, driven by internal corporate 

values but also by external market demand. However, the CSR concept in the cloud sector has 

not yet been studied. Therefore, it remains to be concluded that the spread of the green cloud 

paradigm should not be driven solely by extrinsic incentives such as direct or indirect taxes or 

subsidies. Rather, targeted political incentives and measures should be used to increase 

companies' environmental awareness. Additionally, the business community should commit to 

green clouds through an industry standard or defined code of conduct including the SDGs and 

targeting CSR. This can strengthen its intrinsic and voluntary environmental protection 

awareness and efforts and can accelerate the green transformation of the whole industry. 

This discourse was carried out to examine the current consumer perspective and to highlight 

related economic, environmental, and social incentives. Only the collaboration of all 

stakeholders has the power to accelerate the greening of the cloud computing industry in an 
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acceptable accelerated manner. In conclusion, the scientific community agrees that nowadays 

the regulatory framework is the primary extrinsic driver of environmental innovation and that 

intrinsically motivating incentives are lacking in the transformation process.  

5. Limitations and Further Research 

Although this work covers a large area and has highlighted important issues, it is also subject 

to limitations. One limitation is that due to the nature of a master's thesis, the literature review 

was conducted by only one person. According to Snyder's (2019, p. 337) guidelines, the 

selection and review of articles should be conducted by at least two reviewers to ensure the 

quality and reliability of the selected documents. Furthermore, the ideas and models in the 

whole work were developed based on the current state of knowledge and need to be 

substantiated or refuted by further research approaches. 

This work points out that the scientific and technological discipline of green cloud computing 

is a young field that is only in its infancy. However, the potential applicability of the cloud 

becomes apparent when considering the datafication of everyday life and the digitization of 

industry. Technologies such as smart and connected systems (-home, -city, -industry), 

autonomous driving, or even the prediction-based control of processes via IoT, AI, or Big Data 

Analytics, are becoming increasingly important in this new era. Their ascent requires more data 

processing and is very computing capacity intensive; this is where the possibilities of the cloud 

computing industry come into its own. The full potential becomes obvious when considering 

all the possibilities which are offered through the cloud environment. Therefore, it is not 

surprising that initial research efforts have increasingly focused on the obvious problems and 

potentials of this young technology. Over the last decade, this first wave of sustainable research 

initiatives considered mainly the optimization and efficiency increases of data centers. 

However, to continue the development and utilization of the cloud environment to its full 

potential, more diverse research efforts are needed. Because the first wave has dealt with the 

obvious tasks, this optimization potential is already at a very high level. A second wave of 

sustainability-oriented research efforts must therefore focus on the difficult underlying tasks. 

These underlying tasks relate primarily to indirect influences on the technology. These include 

environmental impact and footprint, social impact and acceptance, government-driven 

regulations, and corporate responsibility in addressing company core values. 
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Initially, the previously discussed definition of an industrial standard for the green cloud 

industry is necessary to guide and focus further research approaches. In the context of a standard 

definition, the outlined KPIs as a measurement and benchmark tool should be included along 

with the SDGs. This would increase transparency while improving reporting and accelerating 

sustainable development. For further research, it would be interesting to examine the end 

consumer’s awareness and willingness to transform the cloud. This could be investigated 

through a survey where firstly the awareness of the cloud industry's energy and related demand 

issues, and secondly the willingness to financially support the going green efforts, are the main 

components of the questionnaire. Here it is important not only to evaluate the answers but also 

to observe real behavior of the consumers, due to the ambivalent nature of human beings.  

To maintain the efforts of the first research wave, the technical optimization needs to be further 

improved. This includes software optimization, like VM schedule approaches, energy efficient 

tools for evaluation of applications, and server utilization, as well as hardware optimization, 

such as cooling efficiency, component improvement, or energy aware placement decisions. 

This needs to be followed by further investigation and in-depth development of the 24-hour 

usability of renewable energy within the green cloud environment. These steps are already 

being advanced by current research efforts, as highlighted in Chapter 3.3.2. It seems that 

scientific efforts are on the right track, judging by the number of recently developed models. In 

the upcoming second wave of research, outlined in Chapter 4, the underlying connections, 

impacts, and desires of the green cloud environment need to be considered. Here the consumer, 

whether business or private, needs to be centric in the development of the technology. An 

example of a consumer centric achievement is a superordinated billing center as outlined in 

Chapter 3.3.1. Here the business CSC gets a single bill for all communication consumption and 

not a different one from every CSP. This could be implemented via state regulations. 

To strengthen the external regulatory as well as internal environmental innovations the world 

community should develop an overarching governmental incentive scheme. This could be 

achieved at the external level, for example, by the unification and strict enforcement of the 

different emissions trading schemes. The aim being to make all existing emissions certificate 

systems comparable so that they can be off set against each other or traded under certain 

conditions. In this context, the footprint of technologies such as cloud computing needs to be 

transparent and publicly available to allow comparison and inclusion in the carbon footprint of 

the enterprise. Among other things, this can be encouraged or even enforced by government 

authorities through the discussed approach of carbon certificates and carbon tax or price. For 
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future research, the question of how far the established certificates on a continental level (e.g., 

EU ETS) have contributed to an improvement in emission levels is of decisive importance. 

Furthermore, research efforts should focus on investigating the exact impact of emission 

limitation in the cloud industry as well as simulating a global emission trading and limitation 

system. At the internal level, the persistent neglect of CSR in connection with a green cloud 

needs to be investigated in more depth. The impact CSR could have on the green cloud 

transformation should be examined. This could mean finding out to what extent the providers 

and consumers of cloud computing want to improve their environment or whether their efforts 

are only green-washing campaigns. Another interesting possibility would be to look into the 

relationship between consumer, business, and societal values of the green cloud. Here research 

could examine how sustainable strategies can impact the underlying values of stakeholders. But 

further research is needed to understand the impact of a sustainable IT strategy on the market.  

Further questions could be whether there are other benefits of sustainability-oriented cloud 

strategies for the CSC, apart the cost-saving incentive, in turning their IT infrastructure green. 

Here, it is important not to neglect the consumer or employee perspective. In other words, how 

willing are consumers to pay for the additional expense involved in green transformation 

efforts? Or what impact has a sustainable long-term corporate vision on its employees? It would 

also be interesting to investigate whether a green cloud can achieve an economic short-term 

competitive advantage for the CSP. After all, in our western capitalist society, an economic 

model for the development and implementation of green cloud must demonstrate profitability. 

This model will therefore likely need to integrate sustainability initiatives within the IT 

organization, at the enterprise level, and across the enterprise ecosystem. 

6. Conclusion  

The demand for computing capacity from the cloud has grown enormously to date and is 

expected to increase six times over the next decade. This is leading to an enormous increase in 

energy demand as well as GHG and CO2 emissions, contributing to climate change. Because of 

its impact on the environment, cloud sustainability is a growing concern for all stakeholders, 

whereby its impact can be discussed from two perspectives. It can be seen either as one of the 

causes of environmental problems or as part of the solutions to address them. Green cloud 

computing comes into play in the latter. This work investigates – "How can a green cloud 

benefit business?" – and demonstrates its contribution by exploring the extent to which a green 

cloud can be of sustainable benefit to both providers and consumers. The main advantage of a 
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green cloud is that it is the only way to meet future demand for cloud computing capacity. This 

is due to the increasingly limited availability of resources, the accelerated progress of climate 

change, and the sustainability of the nature of a green cloud. In addition, this work makes the 

unprecedented contribution of identifying the scientific gap in the consumer perspective and 

filling it with initial ideas to engage and benefit all stakeholders involved. 

During the last decade, the first wave of sustainability research in the cloud environment aimed 

to combine profitability with environmental friendliness and to minimize the problems this 

caused. This is explored in the context of the first research question of this work. As a result, 

scientific research focused on reducing energy consumption by shifting workloads to energy 

efficient hyperscaler or optimizing hardware and software performance. This includes power 

utilization, infrastructure, thermal and workload management, virtualization, and product 

design. However, the advances that had been made have caused new problems. By increasing 

efficiency and reducing costs, companies can offer their services more cheaply. As a result, the 

technology has been introduced into new areas and caused an exponential increase in demand, 

which in turn has led to higher energy consumption. Therefore, the lack of an industry standard, 

the challenge of implementing 100% renewable energy due to its intermittent nature, and the 

biased research perspective were discussed. From these insights, it can be concluded that 

environmental friendliness and economic viability are not only mutually exclusive in the cloud 

industry, but a green transformation of the technology is necessary to establish it sustainably 

and economically in long term. This implies that any discussion about the relevance of a green 

cloud is obsolete; its importance has been proven in many ways.  

The upcoming second wave of initiatives should be focused on establishing green cloud 

computing as part of the solution to environmental problems. Critical to this are the impacts 

and incentives for the consumer, which have been identified as missing in previous 

considerations and are discussed in the discourse of this work. However, it is more difficult to 

investigate these underlying interrelations, as it requires a shift in thinking involving an 

environmentally conscious enterprise IT strategy. This includes defining fundamental metrics, 

redesigning business processes, encouraging participation, and adapting organizational culture 

to new ways of acting and thinking. To accelerate implementation, this work addresses both 

internal and external innovation drivers. External drivers of innovation include incentive and 

regulatory schemes such as limited emission certificates or trading legislation, which have been 

to date insufficiently associated with the green cloud. Furthermore, corporate social 

responsibility was identified as an internal innovation driver, which is to some extend externally 
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created due to public awareness and the importance of reputation and image for companies. 

Here, scientific investigation is completely missing. However, both innovation drivers are 

necessary to achieve the green transformation of the cloud environment One recommendation 

for the consumers of cloud services is to choose providers that operate resource-efficient data 

centers according to their CSR along the SDGs. These can be compared and identified via 

benchmarking applications. Factors which need to be implemented are the purchase of green 

energy and traceability through KPI benchmarks including independent environmental labels. 

The continuing scientific task now is to create interventions and overarching measures based 

on the already existing approaches to develop a truly sustainable as well as economic green 

cloud based on the SDGs. The attitudes of the population towards the cloud could also be an 

interesting area for further research as it would encourage more accurate, efficient, and easily 

adaptable methods. In addition, governments should further intervene and incentivize green 

transformation through targeted programs and regulations. 

In the context of this work, it can be stated that the topic of green cloud will become increasingly 

important in the future. Therefore, significantly more attention and pronounced research efforts 

must be made to meet the upcoming challenges. These do not only refer to the obvious 

optimizations but must additionally focus on the underlying issues identified in this paper. 
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 “How can a green cloud benefit business?” T. Roettger 
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 “How can a green cloud benefit business?” T. Roettger 

 D
at

aB
as

e
N

o
re

le
va

nt
E

xc
l.

D
im

.
G

ro
up

M
et

ho
d

A
ut

ho
r 

F
ul

l N
am

es
D

O
I

A
rt

ic
le

 T
itl

e
S

ou
rc

e 
Ti

tle
Y

ea
r

1.
W

oS
20

2
56

1
V

M
so

ftw
ar

e 
&

si
m

ul
at

io
n

M
an

da
l, 

U
tt

am
; 

H
ab

ib
, 

M
. 

F
ar

ha
n;

 Z
ha

ng
, 

S
hu

qi
an

g;
…

10
.1

10
9/

M
N

E
T.

20
13

.6
67

89
25

G
re

en
in

g 
th

e 
C

lo
ud

 U
si

ng
 R

en
ew

ab
le

-E
ne

rg
y-

A
w

ar
e 

S
er

vi
ce

 M
ig

IE
E

E
 N

E
TW

O
R

K
20

13
1.

W
oS

20
3

57
1

A
llo

ca
tio

n
ha

rd
w

ar
e 

&m
od

el
 d

ev
K

es
sa

ci
, 

Y
ac

in
e;

 M
el

ab
, 

N
ou

re
di

ne
; 

Ta
lb

i, 
E

l-G
ha

za
li

10
.1

00
7/

s1
05

86
-0

12
-0

21
0-

2
A

 P
ar

et
o-

ba
se

d 
m

et
ah

eu
ris

tic
 fo

r 
sc

he
du

lin
g 

H
P

C
 a

pp
lic

at
io

ns
 o

C
LU

S
TE

R
 C

O
M

P
U

TI
N

G
-T

H
E

 J
O

U
R

N
A

L 
O

F
20

13
1.

W
oS

20
4

58
1

A
llo

ca
tio

n
so

ftw
ar

e 
&

m
od

el
 d

ev
K

ol
od

zi
ej

, 
Jo

an
na

; 
K

ha
n,

 S
am

ee
 U

lla
h;

 W
an

g,
 L

iz
he

;…
10

.1
00

7/
s1

05
86

-0
12

-0
22

6-
7

H
ie

ra
rc

hi
ca

l g
en

et
ic

-b
as

ed
 g

rid
 s

ch
ed

ul
in

g 
w

ith
 e

ne
rg

y 
op

tim
iz

at
C

LU
S

TE
R

 C
O

M
P

U
TI

N
G

-T
H

E
 J

O
U

R
N

A
L 

O
F

20
13

1.
W

oS
20

5
3

A
rc

hi
te

ct
ur

e
no

t 
ta

rg
et

 r
ev

ie
w

K
ac

hr
is

, 
C

hr
is

to
fo

ro
s;

 T
om

ko
s,

 Io
an

ni
s

10
.1

00
7/

s1
05

86
-0

12
-0

22
7-

6
P

ow
er

 c
on

su
m

pt
io

n 
ev

al
ua

tio
n 

of
 a

ll-
op

tic
al

 d
at

a 
ce

nt
er

 n
et

w
or

ks
C

LU
S

TE
R

 C
O

M
P

U
TI

N
G

-T
H

E
 J

O
U

R
N

A
L 

O
F

20
13

1.
W

oS
20

6
3

A
pp

lic
at

io
n

C
S

P
m

od
el

 d
e v

La
i, 

Ju
nz

uo
; 

D
en

g,
 R

ob
er

t 
H

.;
 G

ua
n,

 C
ha

ow
en

;…
10

.1
10

9/
TI

F
S

.2
01

3.
22

71
84

8
A

tt
rib

ut
e-

B
as

ed
 E

nc
ry

pt
io

n 
W

ith
 V

er
ifi

ab
le

 O
ut

so
ur

ce
d 

D
ec

ry
pt

io
IE

E
E

 T
R

A
N

S
A

C
TI

O
N

S
 O

N
 IN

F
O

R
M

A
TI

O
N

 
20

13
1.

W
oS

20
7

59
1

G
re

en
 E

co
n.

ha
rd

w
ar

e 
&r

ev
ie

w
Ji

ng
, 

S
i-Y

ua
n;

 A
li,

 S
ha

hz
ad

; 
S

he
, 

K
un

;…
10

.1
00

7/
s1

12
27

-0
11

-0
72

2-
1

S
ta

te
-o

f-t
he

-a
rt

 r
es

ea
rc

h 
st

ud
y 

fo
r 

gr
ee

n 
cl

ou
d 

co
m

pu
tin

g
JO

U
R

N
A

L 
O

F
 S

U
P

E
R

C
O

M
P

U
TI

N
G

20
13

1.
W

oS
20

8
2

A
llo

ca
tio

n
ha

rd
w

ar
e 

&m
od

el
 d

ev
V

rb
sk

y,
 S

us
an

 V
.;

 G
al

lo
w

ay
, 

M
ic

ha
el

; 
C

ar
r,

 R
ob

er
t;

…
10

.1
01

6/
j.f

ut
ur

e.
20

12
.1

2.
01

6
D

ec
re

as
in

g 
po

w
er

 c
on

su
m

pt
io

n 
w

ith
 e

ne
rg

y 
ef

fic
ie

nt
 d

at
a 

aw
ar

e 
F

U
TU

R
E

 G
E

N
E

R
A

TI
O

N
 C

O
M

P
U

TE
R

 S
Y

S
T

20
13

1.
W

oS
20

9
2

V
M

so
ftw

ar
e 

&
m

od
el

 d
ev

Xi
ao

, 
Zh

en
; 

S
on

g,
 W

ei
jia

; 
C

he
n,

 Q
i

10
.1

10
9/

TP
D

S
.2

01
2.

28
3

D
yn

am
ic

 R
es

ou
rc

e 
A

llo
ca

tio
n 

U
si

ng
 V

irt
ua

l M
ac

hi
ne

s 
fo

r 
C

lo
ud

 C
IE

E
E

 T
R

A
N

S
A

C
TI

O
N

S
 O

N
 P

A
R

A
LL

E
L 

A
N

D
20

13
1.

W
oS

21
0

2
A

llo
ca

tio
n

so
ftw

ar
e 

&
m

od
el

 d
ev

Zh
an

g,
 L

un
a 

M
in

gy
i; 

Li
, 

K
eq

in
; 

Lo
, 

D
an

 C
hi

a-
Ti

en
;…

10
.1

01
6/

j.s
us

co
m

.2
01

3.
01

.0
02

E
ne

rg
y-

ef
fic

ie
nt

 t
as

k 
sc

he
du

lin
g 

al
go

rit
hm

s 
on

 h
et

er
og

en
eo

us
 c

oS
U

S
TA

IN
A

B
LE

 C
O

M
P

U
TI

N
G

-IN
F

O
R

M
A

TI
C

20
13

1.
W

oS
21

1
2

A
llo

ca
tio

n
ha

rd
w

ar
e 

&m
od

el
 d

ev
W

u,
 Z

he
ng

ka
i; 

G
ile

s,
 C

hr
is

to
ph

er
; 

W
an

g,
 J

un
10

.1
00

7/
s1

05
86

-0
11

-0
17

3-
8

C
la

ss
ifi

ed
 p

ow
er

 c
ap

pi
ng

 b
y 

ne
tw

or
k 

di
st

rib
ut

io
n 

tr
ee

s 
fo

r 
gr

ee
n 

cC
LU

S
TE

R
 C

O
M

P
U

TI
N

G
-T

H
E

 J
O

U
R

N
A

L 
O

F
20

13
1.

W
oS

21
2

60
1

A
llo

ca
tio

n
so

ftw
ar

e 
&

si
m

ul
at

io
n

de
 A

lfo
ns

o,
 C

ar
lo

s;
 C

ab
al

le
r,

 M
ig

ue
l; 

A
lv

ar
ru

iz
, 

F
er

na
nd

o;
…

10
.1

01
6/

j.f
ut

ur
e.

20
12

.0
8.

01
4

A
n 

ec
on

om
ic

 a
nd

 e
ne

rg
y-

aw
ar

e 
an

al
ys

is
 o

f t
he

 v
ia

bi
lit

y 
of

 o
ut

so
uF

U
TU

R
E

 G
E

N
E

R
A

TI
O

N
 C

O
M

P
U

TE
R

 S
Y

S
T

20
13

1.
W

oS
21

3
61

1
A

rc
hi

te
ct

ur
e

ha
rd

w
ar

e 
&s

ur
ve

y 
&

 t
C

ha
uh

an
, 

N
iti

n 
S

in
gh

; 
S

ax
en

a,
 A

sh
ut

os
h

10
.1

10
9/

M
IT

P
.2

01
3.

6
A

 G
re

en
 S

of
tw

ar
e 

D
ev

el
op

m
en

t 
Li

fe
 C

yc
le

 fo
r 

C
lo

ud
 C

om
pu

tin
g

IT
 P

R
O

F
E

S
S

IO
N

A
L

20
13

1.
W

oS
21

4
3

A
pp

lic
at

io
n

no
t 

ta
rg

et
 s

im
ul

at
io

n
P

au
, 

G
io

va
nn

i
10

.1
10

9/
M

IC
.2

01
3.

13
Q

ui
ck

ly
 H

om
e 

P
le

as
e 

H
ow

 C
on

ne
ct

ed
 V

eh
ic

le
s 

A
re

 R
ev

ol
ut

io
ni

zI
E

E
E

 IN
TE

R
N

E
T 

C
O

M
P

U
TI

N
G

20
13

1.
W

oS
21

5
2

A
rc

hi
te

ct
ur

e
ha

rd
w

ar
e 

&s
ur

ve
y 

&
 t

K
im

 K
ho

a 
N

gu
ye

n;
 C

he
rie

t,
 M

oh
am

ed
; 

Le
m

ay
, 

M
at

hi
eu

;…
10

.1
01

6/
j.c

om
ne

t.
20

12
.0

3.
00

8
E

nv
iro

nm
en

ta
l-a

w
ar

e 
vi

rt
ua

l d
at

a 
ce

nt
er

 n
et

w
or

k
C

O
M

P
U

TE
R

 N
E

TW
O

R
K

S
20

12
1.

W
oS

21
6

62
1

A
llo

ca
tio

n
C

S
P

su
rv

ey
 &

 t
B

el
og

la
zo

v,
 A

nt
on

; 
A

ba
w

aj
y,

 J
em

al
; 

B
uy

ya
, 

R
aj

ku
m

ar
10

.1
01

6/
j.f

ut
ur

e.
20

11
.0

4.
01

7
E

ne
rg

y-
aw

ar
e 

re
so

ur
ce

 a
llo

ca
tio

n 
he

ur
is

tic
s 

fo
r 

ef
fic

ie
nt

 m
an

ag
e m

F
U

TU
R

E
 G

E
N

E
R

A
TI

O
N

 C
O

M
P

U
TE

R
 S

Y
S

T
20

12
1.

W
oS

21
7

3
A

llo
ca

tio
n

no
t 

ta
rg

et
 s

ur
ve

y 
&

 t
M

az
zu

cc
o,

 M
ic

he
le

; 
D

ya
ch

uk
, 

D
m

yt
ro

10
.1

01
6/

j.s
us

co
m

.2
01

1.
11

.0
01

O
pt

im
iz

in
g 

C
lo

ud
 p

ro
vi

de
rs

 r
ev

en
ue

s 
vi

a 
en

er
gy

 e
ffi

ci
en

t 
se

rv
er

 a
lS

U
S

TA
IN

A
B

LE
 C

O
M

P
U

TI
N

G
-IN

F
O

R
M

A
TI

C
20

12
1.

W
oS

21
8

3
A

rc
hi

te
ct

ur
e

ha
rd

w
ar

e 
&m

od
el

 d
ev

S
te

en
ho

f, 
P

au
l; 

W
eb

er
, 

C
hr

is
; 

B
ro

ok
s,

 M
ar

tin
;…

10
.1

01
6/

j.s
us

co
m

.2
01

2.
01

.0
01

A
 p

ro
to

co
l f

or
 q

ua
nt

ify
in

g 
th

e 
ca

rb
on

 r
ed

uc
tio

ns
 a

ch
ie

ve
d 

th
ro

ug
hS

U
S

TA
IN

A
B

LE
 C

O
M

P
U

TI
N

G
-IN

F
O

R
M

A
TI

C
20

12
1.

W
oS

21
9

2
A

llo
ca

tio
n

ha
rd

w
ar

e 
&s

im
ul

at
io

n
D

ou
gh

er
ty

, 
B

ria
n;

 W
hi

te
, 

Ju
le

s;
 S

ch
nl

id
t,

 D
ou

gl
as

 C
.

10
.1

01
6/

j.f
ut

ur
e.

20
11

.0
5.

00
9

M
od

el
-d

riv
en

 a
ut

o-
sc

al
in

g 
of

 g
re

en
 c

lo
ud

 c
om

pu
tin

g 
in

fra
st

ru
ct

ur
eF

U
TU

R
E

 G
E

N
E

R
A

TI
O

N
 C

O
M

P
U

TE
R

 S
Y

S
T

20
12

1.
W

oS
22

0
3

A
pp

lic
at

io
n

so
ftw

ar
e 

&
m

od
el

 d
ev

Li
, 

Ji
an

xi
n;

 L
i, 

B
o;

 W
o,

 T
ia

ny
u;

…
10

.1
01

6/
j.f

ut
ur

e.
20

11
.0

4.
01

2
C

yb
er

G
ua

rd
er

: 
A

 v
irt

ua
liz

at
io

n 
se

cu
rit

y 
as

su
ra

nc
e 

ar
ch

ite
ct

ur
e 

fo
F

U
TU

R
E

 G
E

N
E

R
A

TI
O

N
 C

O
M

P
U

TE
R

 S
Y

S
T

20
12

1.
W

oS
22

1
63

1
A

rc
hi

te
ct

ur
e

ha
rd

w
ar

e 
&m

od
el

 d
ev

V
is

w
an

at
ha

n,
 H

ar
ih

ar
as

ud
ha

n;
 L

ee
, 

E
un

 K
yu

ng
; 

P
om

pi
li,

 D
ar

io
10

.1
10

9/
M

N
E

T.
20

11
.5

95
80

06
S

el
f-O

rg
an

iz
in

g 
S

en
si

ng
 In

fra
st

ru
ct

ur
e 

fo
r 

A
ut

on
om

ic
 M

an
ag

em
e

IE
E

E
 N

E
TW

O
R

K
20

11
1.

W
oS

22
2

64
1

A
rc

hi
te

ct
ur

e
ha

rd
w

ar
e 

&s
im

ul
at

io
n

G
ar

g,
 S

au
ra

bh
 K

um
ar

; 
Y

eo
, 

C
he

e 
S

hi
n;

 A
na

nd
as

iv
am

, 
A

ru
n;

…
10

.1
01

6/
j.j

pd
c.

20
10

.0
4.

00
4

E
nv

iro
nm

en
t-

co
ns

ci
ou

s 
sc

he
du

lin
g 

of
 H

P
C

 a
pp

lic
at

io
ns

 o
n 

di
st

rib
JO

U
R

N
A

L 
O

F
 P

A
R

A
LL

E
L 

A
N

D
 D

IS
TR

IB
U

T
20

11
1.

W
oS

22
3

2
V

M
so

ftw
ar

e 
&

m
od

el
 d

ev
Li

ao
, 

Xi
ao

fe
i; 

H
u,

 L
iti

ng
; 

Ji
n,

 H
ai

10
.1

00
7/

s1
05

86
-0

09
-0

11
0-

2
E

ne
rg

y 
op

tim
iz

at
io

n 
sc

he
m

es
 in

 c
lu

st
er

 w
ith

 v
irt

ua
l m

ac
hi

ne
s

C
LU

S
TE

R
 C

O
M

P
U

TI
N

G
-T

H
E

 J
O

U
R

N
A

L 
O

F
20

10
1.

W
oS

22
4

3
A

rc
hi

te
ct

ur
e

no
t 

ta
rg

et
 m

od
el

 d
e v

C
er

f, 
V

in
to

n 
G

.;
 S

in
gh

, 
M

un
in

da
r 

P
.

10
.1

10
9/

M
IC

.2
01

0.
11

In
te

rn
et

 P
re

di
ct

io
ns

IE
E

E
 IN

TE
R

N
E

T 
C

O
M

P
U

TI
N

G
20

10
1.

W
oS

22
5

3
A

rc
hi

te
ct

ur
e

no
t 

ta
rg

et
 m

od
el

 d
ev

E
st

rin
, 

D
eb

or
ah

10
.1

10
9/

M
IC

.2
01

0.
12

P
ar

tic
ip

at
or

y 
S

en
si

ng
: 

A
pp

lic
at

io
ns

 a
nd

 A
rc

hi
te

ct
ur

e
IE

E
E

 IN
TE

R
N

E
T 

C
O

M
P

U
TI

N
G

20
10

1.
W

oS
22

6
3

A
rc

hi
te

ct
ur

e
no

t 
ta

rg
et

 r
ev

ie
w

R
ut

h,
 S

te
ph

en
10

.1
10

9/
M

IC
.2

00
9.

82
G

re
en

 IT
 -

 M
or

e 
Th

an
 a

 T
hr

ee
 P

er
ce

nt
 S

ol
ut

io
n?

IE
E

E
 IN

TE
R

N
E

T 
C

O
M

P
U

TI
N

G
20

09
2.

W
oS

22
7

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 r
ev

ie
w

K
oo

nd
ha

r,
 M

an
so

or
 A

hm
ed

; 
S

ha
hb

az
, 

M
uh

am
m

ad
; 

M
em

on
, 

K
am

10
.1

00
7/

s1
13

56
-0

20
-1

21
99

-5
A

 v
is

ua
liz

at
io

n 
re

vi
ew

 a
na

ly
si

s 
of

 t
he

 la
st

 t
w

o 
de

ca
de

s 
fo

r 
en

vi
ro

nE
N

V
IR

O
N

M
E

N
TA

L 
S

C
IE

N
C

E
 A

N
D

 P
O

LL
U

T
20

18
2.

W
oS

22
8

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 s
im

ul
at

io
n

C
ol

om
bo

, 
B

ia
nc

a;
 P

er
ei

ra
, 

Jo
an

a;
 M

ar
tin

s,
 M

ar
ga

rid
a;

…
10

.1
01

6/
j.s

ep
pu

r.
20

20
.1

17
52

1
R

ec
ov

er
in

g 
P

H
A

 fr
om

 m
ix

ed
 m

ic
ro

bi
al

 b
io

m
as

s:
 U

si
ng

 n
on

-io
ni

c 
S

E
P

A
R

A
TI

O
N

 A
N

D
 P

U
R

IF
IC

A
TI

O
N

 T
E

C
H

N
20

20
2.

W
oS

22
9

2
V

M
so

ftw
ar

e 
&

m
od

el
 d

ev
G

an
es

an
, 

M
ad

hu
ba

la
; 

K
or

, 
A

h-
Li

an
; 

P
at

tin
so

n,
 C

ol
in

;…
10

.3
39

0/
su

12
21

92
55

G
re

en
 C

lo
ud

 S
of

tw
ar

e 
E

ng
in

ee
rin

g 
fo

r 
B

ig
 D

at
a 

P
ro

ce
ss

in
g

S
U

S
TA

IN
A

B
IL

IT
Y

20
20

2.
W

oS
23

0
3

G
re

en
 E

co
n.

no
t 

ta
rg

et
 m

od
el

 d
e v

Le
ite

, 
R

od
rig

o 
V

ie
ira

; 
S

ilv
a,

 C
ar

lo
s 

A
lb

er
to

; 
M

oh
an

, 
M

id
hu

n;
…

10
.3

39
0/

rs
12

21
35

99
In

di
vi

du
al

 T
re

e 
A

tt
rib

ut
e 

E
st

im
at

io
n 

an
d 

U
ni

fo
rm

ity
 A

ss
es

sm
en

t 
iR

E
M

O
TE

 S
E

N
S

IN
G

20
20

2.
W

oS
23

1
2

A
rc

hi
te

ct
ur

e
so

ftw
ar

e 
&

m
od

el
 d

ev
Li

, 
Y

e;
 C

he
n,

 Y
iy

an
; 

Li
, 

Q
un

10
.1

01
6/

j.r
se

r.
20

20
.1

10
24

5
A

ss
es

sm
en

t 
an

al
ys

is
 o

f g
re

en
 d

ev
el

op
m

en
t 

le
ve

l b
as

ed
 o

n 
S

-t
yp

R
E

N
E

W
A

B
LE

 &
 S

U
S

TA
IN

A
B

LE
 E

N
E

R
G

Y
 

20
20

2.
W

oS
23

2
3

A
rc

hi
te

ct
ur

e
no

t 
ta

rg
et

 m
od

el
 d

e v
S

un
, 

G
uo

lin
; 

A
ye

pa
h-

M
en

sa
h,

 D
an

ie
l; 

Xu
, 

R
on

g;
…

10
.1

01
6/

j.j
nc

a.
20

20
.1

02
75

7
E

nd
-t

o-
en

d 
C

N
N

-b
as

ed
 d

ue
lin

g 
de

ep
 Q

-N
et

w
or

k 
fo

r 
au

to
no

m
ou

s 
JO

U
R

N
A

L 
O

F
 N

E
TW

O
R

K
 A

N
D

 C
O

M
P

U
TE

20
20

2.
W

oS
23

3
3

G
re

en
 E

co
n.

no
t 

ta
rg

et
 s

im
ul

at
io

n
O

ls
so

n,
 J

oh
an

na
 A

lk
an

; 
B

ru
nn

er
, 

Jo
na

s;
 N

or
di

n,
 A

m
an

da
;…

10
.1

01
6/

j.e
nv

sc
i.2

02
0.

06
.0

25
A

 ju
st

 u
rb

an
 e

co
sy

st
em

 s
er

vi
ce

 g
ov

er
na

nc
e 

at
 t

he
 n

ei
gh

bo
ur

ho
o

E
N

V
IR

O
N

M
E

N
TA

L 
S

C
IE

N
C

E
 &

 P
O

LI
C

Y
20

20
2.

W
oS

23
4

65
1

A
pp

lic
at

io
n

so
ftw

ar
e 

&
m

od
el

 d
ev

S
ho

ja
fa

r,
 M

oh
am

m
ad

; 
C

an
al

i, 
C

la
ud

ia
; 

La
nc

el
lo

tt
i, 

R
ic

ca
rd

o;
…

10
.1

10
9/

TC
C

.2
01

6.
26

17
36

7
A

da
pt

iv
e 

C
om

pu
tin

g-
P

lu
s-

C
om

m
un

ic
at

io
n 

O
pt

im
iz

at
io

n 
F

ra
m

ew
oI

E
E

E
 T

R
A

N
S

A
C

TI
O

N
S

 O
N

 C
LO

U
D

 C
O

M
P

U
20

20
2.

W
oS

23
5

3
A

pp
lic

at
io

n
no

t 
ta

rg
et

 r
ev

ie
w

D
em

es
tic

ha
s,

 K
on

st
an

tin
os

; 
D

as
ka

la
ki

s,
 E

m
m

an
ou

il
10

.3
39

0/
su

12
18

72
72

In
fo

rm
at

io
n 

an
d 

C
om

m
un

ic
at

io
n 

Te
ch

no
lo

gy
 S

ol
ut

io
ns

 fo
r 

th
e 

C
ir

S
U

S
TA

IN
A

B
IL

IT
Y

20
20

2.
W

oS
23

6
3

G
re

en
 E

co
n.

no
t 

ta
rg

et
 s

ur
ve

y 
&

 t
D

on
g,

 Y
ul

in
; 

R
en

, 
Zh

ib
in

; 
F

u,
 Y

ao
;…

10
.3

39
0/

rs
12

15
24

51
R

ec
or

di
ng

 U
rb

an
 L

an
d 

D
yn

am
ic

 a
nd

 It
s 

E
ffe

ct
s 

du
rin

g 
20

00
-2

01
9R

E
M

O
TE

 S
E

N
S

IN
G

20
20

2.
W

oS
23

7
3

A
pp

lic
at

io
n

no
t 

ta
rg

et
 m

od
el

 d
ev

G
up

ta
, 

N
ee

ra
j; 

K
ho

sr
av

y,
 M

ah
di

; 
P

at
el

, 
N

ile
sh

;…
10

.1
00

7/
s1

04
89

-0
20

-0
17

44
-x

E
co

no
m

ic
 d

at
a 

an
al

yt
ic

 A
I t

ec
hn

iq
ue

 o
n 

Io
T 

ed
ge

 d
ev

ic
es

 fo
r 

he
aA

P
P

LI
E

D
 IN

TE
LL

IG
E

N
C

E
20

20
2.

W
oS

23
8

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 r
ev

ie
w

S
in

gh
, 

R
ag

hu
ve

er
; 

Y
ad

av
, 

D
ha

ra
m

 B
ir;

 R
av

is
an

ka
r,

 N
.;

…
10

.1
00

7/
s1

06
68

-0
19

-0
03

70
-z

C
ro

p 
re

si
du

e 
m

an
ag

em
en

t 
in

 r
ic

e-
w

he
at

 c
ro

pp
in

g 
sy

st
em

 fo
r 

re
s

E
N

V
IR

O
N

M
E

N
T 

D
E

V
E

LO
P

M
E

N
T 

A
N

D
 S

U
S

20
20

2.
W

oS
23

9
3

A
rc

hi
te

ct
ur

e
no

t 
ta

rg
et

 m
od

el
 d

ev
P

am
uk

lu
, 

Tu
rg

ay
; 

C
av

da
r,

 C
ic

ek
; 

E
rs

oy
, 

C
em

10
.1

00
7/

s1
10

36
-0

20
-0

15
44

-0
R

en
ew

ab
le

 E
ne

rg
y 

A
ss

is
te

d 
F

un
ct

io
n 

S
pl

itt
in

g 
in

 C
lo

ud
 R

ad
io

 A
M

O
B

IL
E

 N
E

TW
O

R
K

S
 &

 A
P

P
LI

C
A

TI
O

N
S

20
20

2.
W

oS
24

0
3

A
llo

ca
tio

n
no

t 
ta

rg
et

 s
im

ul
at

io
n

C
he

n,
 J

ia
nh

on
g;

 Z
ha

ng
, 

Y
ou

la
ng

; 
Li

, 
Xi

nz
ho

u;
…

10
.1

01
6/

j.a
pe

ne
rg

y.
20

20
.1

14
60

3
S

tr
at

eg
ic

 in
te

gr
at

io
n 

of
 v

eh
ic

le
-t

o-
ho

m
e 

sy
st

em
 w

ith
 h

om
e 

di
st

rib
A

P
P

LI
E

D
 E

N
E

R
G

Y
20

20
2.

W
oS

24
1

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 s
im

ul
at

io
n

A
re

va
lo

, 
P

au
lo

; 
O

lo
fs

so
n,

 P
on

tu
s;

 W
oo

dc
oc

k,
 C

ur
tis

 E
.

10
.1

01
6/

j.r
se

.2
01

9.
01

.0
13

C
on

tin
uo

us
 m

on
ito

rin
g 

of
 la

nd
 c

ha
ng

e 
ac

tiv
iti

es
 a

nd
 p

os
t-

di
st

ur
ba

R
E

M
O

TE
 S

E
N

S
IN

G
 O

F
 E

N
V

IR
O

N
M

E
N

T
20

20
2.

W
oS

24
2

2
A

rc
hi

te
ct

ur
e

no
t 

ta
rg

et
 s

ur
ve

y 
&

 t
B

az
ga

ou
, 

A
.;

 F
at

na
ss

i, 
H

.;
 B

ou
ha

rr
ou

d,
 R

.;
…

10
.1

01
6/

j.s
ol

en
er

.2
02

0.
01

.0
41

P
er

fo
rm

an
ce

 a
ss

es
sm

en
t 

of
 c

om
bi

ni
ng

 r
oc

k-
be

d 
th

er
m

al
 e

ne
rg

y
S

O
LA

R
 E

N
E

R
G

Y
20

20
2.

W
oS

24
3

66
1

V
M

so
ftw

ar
e 

&
re

vi
ew

S
hi

rv
an

i, 
M

irs
ae

id
 H

os
se

in
i; 

R
ah

m
an

i, 
A

m
ir 

M
as

ou
d;

 S
ah

af
i, 

A
m

ir1
0.

10
16

/j.
jk

su
ci

.2
01

8.
07

.0
01

A
 s

ur
ve

y 
st

ud
y 

on
 v

irt
ua

l m
ac

hi
ne

 m
ig

ra
tio

n 
an

d 
se

rv
er

 c
on

so
lid

aJ
O

U
R

N
A

L 
O

F
 K

IN
G

 S
A

U
D

 U
N

IV
E

R
S

IT
Y

-C
O

20
20

2.
W

oS
24

4
3

G
re

en
 E

co
n.

no
t 

ta
rg

et
 s

im
ul

at
io

n
K

um
ar

, 
D

ip
es

h;
 S

in
gh

, 
B

ha
sk

ar
10

.1
01

6/
j.f

ue
l.2

01
9.

11
66

31
E

ffe
ct

 o
f w

in
te

riz
at

io
n 

an
d 

pl
an

t 
ph

en
ol

ic
-a

dd
iti

ve
s 

on
 t

he
 c

ol
d-

flo
F

U
E

L
20

20
2.

W
oS

24
5

2
A

rc
hi

te
ct

ur
e

ha
rd

w
ar

e 
&m

od
el

 d
ev

P
riy

a,
 P

ad
m

a 
R

.;
 R

ek
ha

, 
D

.
10

.1
00

7/
s1

12
76

-0
19

-0
22

07
-z

S
us

ta
in

ab
ili

ty
 m

od
el

lin
g 

an
d 

gr
ee

n 
en

er
gy

 o
pt

im
is

at
io

n 
in

 m
ic

ro
gW

IR
E

LE
S

S
 N

E
TW

O
R

K
S

20
18

2.
W

oS
24

6
2

A
rc

hi
te

ct
ur

e
ha

rd
w

ar
e 

&r
ev

ie
w

E
te

ng
u,

 R
ic

ha
rd

; 
Ta

n,
 S

aw
 C

hi
n;

 K
w

an
g,

 L
ee

 C
hi

ng
;…

10
.1

10
9/

A
C

C
E

S
S

.2
02

0.
30

22
29

1
A

I-A
ss

is
te

d 
F

ra
m

ew
or

k 
fo

r 
G

re
en

-R
ou

tin
g 

an
d 

Lo
ad

 B
al

an
ci

ng
 in

IE
E

E
 A

C
C

E
S

S
20

20
2.

W
oS

24
7

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 m
od

el
 d

ev
C

as
ta

ld
i, 

A
bi

o;
 C

ha
br

ill
at

, 
S

ab
in

e;
 D

on
, 

A
xe

l;…
10

.3
39

0/
rs

11
18

21
21

S
oi

l O
rg

an
ic

 C
ar

bo
n 

M
ap

pi
ng

 U
si

ng
 L

U
C

A
S

 T
op

so
il 

D
at

ab
as

e 
an

R
E

M
O

TE
 S

E
N

S
IN

G
20

19
2.

W
oS

24
8

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 s
ur

ve
y 

&
 t

W
u,

 X
ut

on
g;

 W
an

g,
 S

hu
ai

; 
F

u,
 B

oj
ie

;…
10

.1
01

6/
j.s

ci
to

te
nv

.2
01

9.
05

.0
22

S
oc

io
-e

co
lo

gi
ca

l c
ha

ng
es

 o
n 

th
e 

Lo
es

s 
P

la
te

au
 o

f C
hi

na
 a

fte
r 

G
S

C
IE

N
C

E
 O

F
 T

H
E

 T
O

TA
L 

E
N

V
IR

O
N

M
E

N
T

20
19

2.
W

oS
24

9
2

A
rc

hi
te

ct
ur

e
C

S
C

m
od

el
 d

ev
Li

, 
Ji

ng
; 

F
an

g,
 H

on
g;

 S
on

g,
 W

en
ya

n
10

.1
01

6/
j.j

cl
ep

ro
.2

01
9.

03
.0

70
S

us
ta

in
ab

le
 s

up
pl

ie
r 

se
le

ct
io

n 
ba

se
d 

on
 S

S
C

M
 p

ra
ct

ic
es

: 
A

 r
ou

gJ
O

U
R

N
A

L 
O

F
 C

LE
A

N
E

R
 P

R
O

D
U

C
TI

O
N

20
19

2.
W

oS
25

0
3

G
re

en
 E

co
n.

no
t 

ta
rg

et
 e

m
pi

ric
al

 r
B

al
ba

a,
 A

ls
no

sy
; 

S
w

ie
f, 

R
. 

A
.;

 E
l-A

m
ar

y,
 N

oh
a 

H
.

10
.3

39
0/

su
11

08
22

18
S

m
ar

t 
In

te
gr

at
io

n 
B

as
ed

 o
n 

H
yb

rid
 P

ar
tic

le
 S

w
ar

m
 O

pt
im

iz
at

io
n 

S
U

S
TA

IN
A

B
IL

IT
Y

20
19

2.
W

oS
25

1
67

1
A

llo
ca

tio
n

ha
rd

w
ar

e 
&m

od
el

 d
ev

P
ie

rs
on

, 
Je

an
-M

ar
c;

 B
au

di
c,

 G
w

ilh
er

m
; 

C
au

x,
 S

te
ph

an
e;

…
10

.1
10

9/
A

C
C

E
S

S
.2

01
9.

29
30

36
8

D
A

TA
ZE

R
O

: 
D

A
TA

ce
nt

er
 W

ith
 Z

er
o 

E
m

is
si

on
 a

nd
 R

ob
us

t 
M

an
a

IE
E

E
 A

C
C

E
S

S
20

19
2.

W
oS

25
2

68
1

A
rc

hi
te

ct
ur

e
so

ftw
ar

e 
&

m
od

el
 d

ev
K

ha
lid

, 
A

di
a;

 A
sl

am
, 

S
he

ra
z;

 A
ur

an
gz

eb
, 

K
hu

rs
he

ed
;…

10
.3

39
0/

en
11

12
35

00
A

n 
E

ffi
ci

en
t 

E
ne

rg
y 

M
an

ag
em

en
t 

A
pp

ro
ac

h 
U

si
ng

 F
og

-a
s-

a-
S

er
vE

N
E

R
G

IE
S

20
18

2.
W

oS
25

3
3

G
re

en
 E

co
n.

no
t 

ta
rg

et
 m

od
el

 d
ev

S
in

gh
, 

A
ks

hi
t;

 K
um

ar
i, 

S
us

hm
a;

 M
al

ek
po

or
, 

H
an

if;
…

10
.1

01
6/

j.j
cl

ep
ro

.2
01

8.
07

.2
36

B
ig

 d
at

a 
cl

ou
d 

co
m

pu
tin

g 
fra

m
ew

or
k 

fo
r 

lo
w

 c
ar

bo
n 

su
pp

lie
r 

se
le

JO
U

R
N

A
L 

O
F

 C
LE

A
N

E
R

 P
R

O
D

U
C

TI
O

N
20

18
2.

W
oS

25
4

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 s
ur

ve
y 

&
 t

Ta
ba

ta
ba

i, 
B

eh
na

m
; 

C
he

n,
 H

ua
n;

 L
u,

 J
ie

;…
10

.1
00

7/
s1

21
55

-0
18

-9
91

9-
y

F
re

m
ye

lla
 d

ip
lo

si
ph

on
 a

s 
a 

B
io

di
es

el
 A

ge
nt

: 
Id

en
tif

ic
at

io
n 

of
 F

at
tB

IO
E

N
E

R
G

Y
 R

E
S

E
A

R
C

H
20

18
2.

W
oS

25
5

69
1

A
rc

hi
te

ct
ur

e
ha

rd
w

ar
e 

&m
od

el
 d

ev
G

ua
n,

 X
ua

n;
 Z

ha
ng

, 
H

ua
lin

g;
 X

ue
, 

C
hu

ny
an

g
10

.1
01

6/
j.j

cl
ep

ro
.2

01
8.

04
.0

99
A

 m
et

ho
d 

of
 s

el
ec

tin
g 

co
ld

 a
nd

 h
ea

t 
so

ur
ce

s 
fo

r 
en

te
rp

ris
es

 in
 a

JO
U

R
N

A
L 

O
F

 C
LE

A
N

E
R

 P
R

O
D

U
C

TI
O

N
20

18
2.

W
oS

25
6

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 m
od

el
 d

e v
Li

ao
, 

Ji
ng

; 
H

u,
 Y

ue
m

in
g;

 Z
ha

ng
, 

H
on

gl
ia

ng
;…

10
.3

39
0/

su
10

07
25

70
A

 R
ic

e 
M

ap
pi

ng
 M

et
ho

d 
B

as
ed

 o
n 

Ti
m

e-
S

er
ie

s 
La

nd
sa

t 
D

at
a 

fo
rS

U
S

TA
IN

A
B

IL
IT

Y
20

18
2.

W
oS

25
7

70
1

G
re

en
 E

co
n.

ha
rd

w
ar

e 
&m

od
el

 d
ev

Ly
ko

u,
 G

eo
rg

ia
; 

M
en

tz
el

io
ti,

 D
es

pi
na

; 
G

rit
za

lis
, 

D
im

itr
is

10
.1

01
6/

j.c
os

e.
20

17
.1

2.
00

8
A

 n
ew

 m
et

ho
do

lo
gy

 t
ow

ar
d 

ef
fe

ct
iv

el
y 

as
se

ss
in

g 
da

ta
 c

en
te

r 
su

sC
O

M
P

U
TE

R
S

 &
 S

E
C

U
R

IT
Y

20
18

2.
W

oS
25

8
3

G
re

en
 E

co
n.

no
t 

ta
rg

et
 m

od
el

 d
e v

N
ek

ou
ei

, 
S

ha
hr

am
; 

N
ek

ou
ei

, 
F

ar
zi

n;
 Z

ad
eh

, 
M

oh
am

m
ad

 A
li 

F
er

do
10

.1
01

6/
j.c

he
rd

.2
01

8.
04

.0
08

F
as

t 
an

d 
gr

ee
n 

se
pa

ra
tio

n 
of

 m
al

ac
hi

te
 g

re
en

 in
 w

at
er

 s
am

pl
es

 b
C

H
E

M
IC

A
L 

E
N

G
IN

E
E

R
IN

G
 R

E
S

E
A

R
C

H
 &

 
20

18
2.

W
oS

25
9

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 m
od

el
 d

ev
A

na
si

s,
 J

oh
n 

G
.;

 K
ha

lil
, 

M
oh

am
m

ad
 A

sl
am

 K
ha

n;
 B

ut
en

ho
ff,

 C
hr

i1
0.

10
16

/j.
ap

en
er

gy
.2

01
8.

02
.1

45
A

 C
om

bi
ne

d 
E

ne
rg

y 
an

d 
G

eo
en

gi
ne

er
in

g 
O

pt
im

iz
at

io
n 

M
od

el
 (

C
A

P
P

LI
E

D
 E

N
E

R
G

Y
20

18
2.

W
oS

26
0

71
1

E
co

no
m

y
ha

rd
w

ar
e 

&s
ur

ve
y 

&
 t

Y
an

g,
 F

an
; 

C
hi

en
, 

A
nd

re
w

 A
.

10
.1

10
9/

TP
D

S
.2

01
7.

27
82

67
7

La
rg

e-
S

ca
le

 a
nd

 E
xt

re
m

e-
S

ca
le

 C
om

pu
tin

g 
w

ith
 S

tr
an

de
d 

G
re

en
IE

E
E

 T
R

A
N

S
A

C
TI

O
N

S
 O

N
 P

A
R

A
LL

E
L 

A
N

D
20

18
2.

W
oS

26
1

3
A

pp
lic

at
io

n
no

t 
ta

rg
et

 r
ev

ie
w

Zh
an

g,
 J

ia
nd

on
g;

 Q
u,

 X
ia

oy
u;

 S
an

ga
ia

h,
 A

ru
n 

K
um

ar
10

.1
10

9/
M

C
O

M
.2

01
8.

17
00

78
9

A
 S

tu
dy

 o
f G

re
en

 D
ev

el
op

m
en

t 
M

od
e 

an
d 

To
ta

l F
ac

to
r 

P
ro

du
ct

iv
IE

E
E

 C
O

M
M

U
N

IC
A

TI
O

N
S

 M
A

G
A

ZI
N

E
20

18
2.

W
oS

26
2

72
1

E
co

no
m

y
C

S
C

si
m

ul
at

io
n

D
up

on
t,

 C
or

en
tin

; 
V

ec
ch

io
, 

M
as

si
m

o;
 C

on
gd

uc
 P

ha
m

;…
10

.1
15

5/
20

18
/1

02
85

78
A

n 
O

pe
n 

Io
T 

P
la

tfo
rm

 t
o 

P
ro

m
ot

e 
E

co
-S

us
ta

in
ab

le
 In

no
va

tio
n 

in
 W

IR
E

LE
S

S
 C

O
M

M
U

N
IC

A
TI

O
N

S
 &

 M
O

B
IL

E
20

18
2.

W
oS

26
3

3
E

co
no

m
y

no
t 

ta
rg

et
 s

im
ul

at
io

n
G

oo
db

od
y,

 T
ris

ta
n 

R
. 

H
.;

 C
oo

ps
, 

N
ic

ho
la

s 
C

.;
 H

er
m

os
ill

a,
 T

xo
m

in
10

.1
08

0/
01

43
11

61
.2

01
7.

14
02

38
7

A
ss

es
si

ng
 t

he
 s

ta
tu

s 
of

 fo
re

st
 r

eg
en

er
at

io
n 

us
in

g 
di

gi
ta

l a
er

ia
l p

hI
N

TE
R

N
A

TI
O

N
A

L 
JO

U
R

N
A

L 
O

F
 R

E
M

O
TE

 S
20

18
2.

W
oS

26
4

73
1

G
re

en
 E

co
n.

ha
rd

w
ar

e 
&s

ur
ve

y 
&

 t
G

u,
 C

ho
ng

lin
; 

F
an

, 
Lo

ng
xi

an
g;

 W
u,

 W
en

bi
n;

…
10

.1
01

6/
j.f

ut
ur

e.
20

16
.1

2.
02

9
G

re
en

in
g 

cl
ou

d 
da

ta
 c

en
te

rs
 in

 a
n 

ec
on

om
ic

al
 w

ay
 b

y 
en

er
gy

 t
ra

F
U

TU
R

E
 G

E
N

E
R

A
TI

O
N

 C
O

M
P

U
TE

R
 S

Y
S

T
20

18
2.

W
oS

26
5

74
1

G
re

en
 E

co
n.

C
S

P
re

vi
ew

R
ad

u,
 L

au
ra

-D
ia

na
10

.3
39

0/
sy

m
91

20
29

5
G

re
en

 C
lo

ud
 C

om
pu

tin
g:

 A
 L

ite
ra

tu
re

 S
ur

ve
y

S
Y

M
M

E
TR

Y
-B

A
S

E
L

20
17

2.
W

oS
26

6
75

1
A

pp
lic

at
io

n
so

ftw
ar

e 
&

m
od

el
 d

ev
K

um
ar

, 
N

ee
te

sh
; 

V
id

ya
rt

hi
, 

D
eo

 P
ra

ka
sh

10
.1

01
6/

j.f
ut

ur
e.

20
17

.0
1.

01
5

A
n 

E
ne

rg
y 

A
w

ar
e 

C
os

t 
E

ffe
ct

iv
e 

S
ch

ed
ul

in
g 

F
ra

m
ew

or
k 

fo
r 

H
et

e
F

U
TU

R
E

 G
E

N
E

R
A

TI
O

N
 C

O
M

P
U

TE
R

 S
Y

S
T

20
17

2.
W

oS
26

7
76

1
A

rc
hi

te
ct

ur
e

ha
rd

w
ar

e 
&m

od
el

 d
ev

W
an

g,
 K

e-
Q

in
; 

Li
u,

 H
u-

C
he

n;
 L

iu
, 

Li
pi

ng
;…

10
.3

39
0/

su
90

50
68

8
G

re
en

 S
up

pl
ie

r 
E

va
lu

at
io

n 
an

d 
S

el
ec

tio
n 

U
si

ng
 C

lo
ud

 M
od

el
 T

he
S

U
S

TA
IN

A
B

IL
IT

Y
20

17
2.

W
oS

26
8

3
G

re
en

 E
co

n.
no

t 
ta

rg
et

 m
od

el
 d

e v
P

ric
e,

 B
.;

 G
om

ez
, 

A
.;

 M
at

hy
s,

 L
.;

…
10

.1
00

7/
s1

06
61

-0
17

-5
81

6-
7

Tr
ee

 b
io

m
as

s 
in

 t
he

 S
w

is
s 

la
nd

sc
ap

e:
 n

at
io

nw
id

e 
m

od
el

lin
g 

fo
r 

iE
N

V
IR

O
N

M
E

N
TA

L 
M

O
N

IT
O

R
IN

G
 A

N
D

 A
S

S
20

17



P a g e  | XXVI 

 “How can a green cloud benefit business?” T. Roettger 
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