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ABSTRACT In recent years, the rapid increase in the number of internet users and widespread usage of
internet applications have obliged large servers and networking equipment to manage large data stack and
optimize the instantaneous transmission of digital information. The COVID-19 Pandemic has also caused an
increase in data exchanges and digital information generation. In order to manage large-scale data, there is
a need for gigantic data centers (DCs) which are tremendous energy consumers and have relatively flexible
loads that are easier to control by means of shifting in time and space. Therefore, DCs can be regarded as
dispatchable loads and are considered good candidates for participating in demand side management (DSM)
programs for power curve smoothing and compensation of power fluctuation in electrical power systems.
In this paper, the question of why DCs should participate in DSM has been investigated rather than the
technical methods used in DSM. The amount of DCs’ participation energy is used by peak shaving/shifting
method for power curve smoothing using actual data. The possible environmental and financial effects of it
for Turkey and all the world have been carried out. The study results show that DCs’ participation in DSM
for Turkey decreases peak load by up to 2.18%, defers up to 34% of the installed power plants launched
in 2019, and improves load and loss factors by up to 2.2% and 4.3% respectively. Additionally, global DC’s
participation in DSM decreases the peak point by up to 0.77% and reduces CO2 emission by 0.03%.

INDEX TERMS Demand side management, electricity market, data center, energy efficiency, peak shaving,
CO2 emission reduction.

I. INTRODUCTION
Over the past twenty years, demand for internet service
providers and cloud services, use of information and com-
munication devices have reached a significant level. Thus,
the size of generated and processed data has been dramati-
cally increased. In 2018, the number of global internet users
was 3.9 billion and it is projected to reach 5.3 billion users by
2023 [1]. Also, the number of devices connected to the inter-
net has been estimated to be 29.3 billion by 2023 [1]. Accord-
ing to the white paper of Seagate [2], the amount of generated
digital information was 33 zettabytes (ZB) in 2018 and it
is projected to reach 175 ZB by 2025. These large data are
needed to be stored and processed in data centers (DCs)
which include a large number of high-performance servers
and have the ability to remote access.

The associate editor coordinating the review of this manuscript and

approving it for publication was S. Ali Arefifar .

Digital transformation has already been taking place for
many years, yet the COVID-19 pandemic exacerbates it dra-
matically. Especially with most companies enabling employ-
ers to work from home, the demand for internet and online
video conferencing software such as Google Meet, Zoom,
Microsoft Teams has skyrocketed. Isolation duration has also
affected the habits of people at home [3]. The ratio of video
call communication with friends and relatives, the time spent
on social media, and the usage of streaming audio and video
services like Netflix, HBO Now, Spotify have increased so
quickly. A survey which has been performed with 2200 adults
between March 24 to March 26, 2020, in the U.S., shows
that 37% of adults preferred to do online shopping more
than before the Pandemic, 41% of adults and 57% of the age
18-29 preferred streaming movies more than before and the
18% of the age 18-29 used FaceTime or Zoom for the first
time with the pandemic [4]. According to [5], the demand
for Google Meet has reached 60% after the COVID-19 and
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the mean daily usage is declared as 2 billion minutes per
day. Likewise, the usage rate of Zoom has 10 times increment
during the pandemic [6]. HBO Now observed a 40% increase
in viewing numbers compared to the average for the last
4 weeks before March 14, 2020 [7]. All these sudden amend-
ments have also caused an increase in data transfer traffics
and unprecedented demand for data centers to maintain the
services.

Owing to the growing demand for computational and stor-
age infrastructures, the size and number of geographically
distributed DCs are drastically increased to provide reliable
low latency services to the customers [8], [9]. DCs consist
of a large number of servers, cooling units, large-scale stor-
age units, networking equipment, and power infrastructures.
Because of having a huge amount of hosted servers, associ-
ated workload, and cooling units, the energy consumption of
DCs has attained gigantic numbers [10], [11]. According to
The United States (U.S.) Environmental Protection Agency
(EPA) report, the demand in DCs has been increasing by
approximately 12% per year [12]. According to [13], the total
electricity usage of all DCs in the world increased by 56%
between 2005 to 2010. EPA Report mentioned that DCs in
the U.S. consumed about 61 TWh which equal to 1.5% of
total U.S. electricity consumption in 2006 [12]. Moreover,
the worldwide energy consumption of DCs was 198 TWh
in 2018 [14]. The reports published in 2013 [15], [16] men-
tioned that the IT sector which includes DCs was consuming
about 10% of the world’s electricity generation.

Due to the huge power consumption characteristic of DCs,
different studies [17]–[21] about forecasting and efficiently
managing power consumption of DCs have become more
popular in the literature. Also, DCs can be significant players
for the power systems in terms of their ability to become
prosumer and they are good candidates for demand-side
management applications in order to compensate demand
fluctuations and power curve smoothing.

In classical power systems, demand fluctuation is an
important problem with regard to its effects on power loss,
voltage/frequency control, and stability of power systems.
It is generally compensated by dispatching reserve generation
resources using unit commitment techniques. But renewable-
based distributed generators cannot be used for unit commit-
ment due to their intermittent nature. In the power system
sense, they are non-dispatchable units and further contribute
power fluctuation problems due to the fluctuating nature of
weather conditions. These problems with widespread usage
of renewable energy sources are caused to make energy man-
agement more important.

On the other hand, a tool called demand-side manage-
ment has been in place for a time with the development of
smart grid technologies. In demand side management sys-
tems, the loads are dispatched instead of generations. DSM
provides benefits to consumers such as fulfilling required
demand, decreasing electricity bills, and improving lifestyle.
DSM also causes advantages to the supplier such as pro-
viding a more efficient system and requiring less capital for

generation, reducing costs of generation, transmission, and
distribution systems [22]. DSM aims to provide required
changes on electricity consumption demand in time through
load control systems, on-site energy storage packages, or
encourage non-peak electricity demand [23], [24]. In that
sense, both big and small DCs can be used as a participant for
DSM systems in terms of their flexible loads which are easier
to control and shift in time than the other big industrial cus-
tomers. One of the goals of demand sidemanagement for DCs
is to efficiently manage DCs’ energy consumption and gen-
eration resources, another one is to contribute to smoothing
demand fluctuations in power systems. However, the focus
of most researchers has been generally on minimizing energy
cost of DCs. The studies related to DCs implemented with
DSM mechanisms can be examined in two subcategories:
Time ofUse Pricing andMarketMechanism. Relevant studies
have been summarized in Table 1.

A. TIME OF USE PRICING
Time of Use (ToU) pricing is based on adjustment electricity
price by the time of the day. There is an electricity tariff that
has higher prices at peak hours and lower prices at non-peak
hours. ToU pricing has long been used by most utilities in the
world [25].

B. MARKET MECHANISM
The market mechanism is based on determining electricity
prices according to the participants’ bids for the day-
ahead or intraday electricity market. Bidders can partici-
pate in the market through their generation or consumption
amount and accept to be penalized if they don’t provide their
commitment [11], [26], [27]. According to the literature of
DSM market mechanism implementation to the DC ecosys-
tem, there are three techniques: (I) load shiftingwhich is shift-
ing energy consumption in time, (II) load migration which
is migrating the load geographically, and (III) load shedding
which is temporarily enabling the sleep mode or shutting
down the servers to reduce energy consumption while they
are in idle condition [27], [28]. DCs’ workloads are generally
divided into two subcategories, delay-sensitive and delay-
tolerant workloads [9]. The delay-sensitive workload must
serve immediately without any delay. On the other hand,
delay-tolerant workloads can be postponed to another period
and can be used for load shifting technique which is based on
shifting load from the time with higher electricity prices to
lower prices. Delay-tolerant workloads can also be migrated
to the DCs at a different location which has lower electricity
prices.

C. CONTRIBUTIONS
As seen from the compact literature review, most researchers
are focused on the technical and mathematical processes
of how the DCs can participate in DSM with the scope
of providing benefits (minimizing electricity cost, etc.)
for solely DCs side instead of the utility. The motiva-
tion of this paper is to draw attention to the prosumer
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TABLE 1. The studies related to DCs implemented with DSM.
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TABLE 1. (Continued.) The studies related to DCs implemented with DSM.

characteristic of data centers and to raise awareness of its
various contributions to both the power systems and data
centers. This paper investigates the impact of DCs’ partic-
ipation in DSM on power systems in terms of economic
and environmental effects, so far lacking in the scientific
literature. The peak point shaving method has been used via
DCs’ participation energy involved in DSM. The possible
results such as improving energy saving capacity of the grid,
decreasing power loss, benefits due to avoidance of building
new power plants are quantitatively analyzed using actual
data of Turkey’s power consumption as a case study. Addi-
tionally, the economic andCO2 emission impacts of reducing
power losses in transmission systems have been analyzed.
The main contributions of this paper are summarized as
follows:

• The consequences of peak-point shaving of Turkey load
duration curve have been analyzed. The peak point of
load curve could be reduced by up to 2.18% relative to
the initial case. Correspondingly, the load factor could
be improved by 2.2% while the improvement of loss
factor could be reached up to 4.3%. Thus, up to a
4.13% reduction in power transmission loss could be
achieved.

• The effects of global DCs’ participation in DSM for all
around the world have been carried out. The global peak
point of the world could be reduced by up to 0.77%. The
worldwide transmission losses could be reduced by up
to 1.5%. Consequently, 0.03% of the world’s total CO2

emission, equal to the CO2 emission of Senegal, could
be reduced.

• The global DCs’ participation in DSM could cause to
defer 12.5% of the worldwide installed power plants put
into service in 2018.

The remaining part of this paper is structured as follows:
Section II gives information about the status and importance
of DCs in terms of its prosumer characteristics. Additionally,
the main definition and assumption of DCs’ participation
process in DSM have been explained in Section II. The
economic and environmental results of DCs’ participation in
DSM for Turkey and all around the world have been clarified
in Section III. The conclusions have been drawn in Section IV.

II. DATA CENTERS AS A PROSUMER
Besides the global reasons for the growing demand in DCs
for all the countries around the world, the young population
is another reason for the increased requirement of DCs for
Turkey. Broadband internet customers of Turkey, which were
around six million in 2008, exceeded 68 million in 2017 [48].
In the third quarter of 2017, total broadband internet usage
reached 3.5 exabytes. Approximately 91% of this usage was
data download and 9% was data upload [48]. Furthermore,
in 2011, Turkey ranked first in the world with a 60% growth
rate in the white area where the servers are located in and
ranked second with a 74% increase in the investment rate of
DCs [49], [50]. The global growth rate of the DCs market is
expected to increase by 15% between 2014 to 2021 while it
is 30% for Turkey [50]. All these data show that global DC
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FIGURE 1. Total power consumption of Turkey for 2019: (a) Hourly Load curve; (b) Load duration curve.

needs, and growth rates have increased significantly, while
Turkey has more than the world average. Furthermore, the
amount of consumed energy by DCs will rise enormously
with the development of DC business. Thus, DCswill be good
players in terms of power systems. Moreover, along with the
law enacted in 2018 for Turkey [51], the utility supports large
energy-consuming industries to participate in DSM programs
through ancillary services. Therefore, DCs can be significant
participants for DSM since its ability to consume too much
energy and its prosumer characteristic [18]. That is one of
the reasons why this study was carried out to examine the
impact of the idea of using DCs as prosumers. Furthermore,
based on the analysis conducted for Turkey, the global effects
of DCs’ participation in DSM has been carried out. The
following subsection presents analyses of Turkey’s electricity
consumption, main definitions, and process of load curve
smoothing.

A. THE ANALYSIS OF TURKEY ELECTRICITY
CONSUMPTION AND DEFINITIONS OF
LOAD AND LOSS FACTORS
The real hourly power consumption data of Turkey for
2019 have been taken from the webpage of Turkey Load
Dispatch Information System (YTBS) [52] via a software
developed to get the data automatically. All analyses and
the peak shaving method are carried out in MATLAB
environment.

The actual hourly power consumption has been depicted
in Fig. 1- (a) [52] and the load duration curve, which
is obtained by sorting power consumption values from
maximum to minimum, has been shown in Fig. 1-(b). The
integrated areas in both graphs are the same and represent the
annual energy consumption.

In order tomeasure the efficiency of electrical transmission
systems, generally, two different indices are used: load factor
and loss factor. The load factor is defined as follows [53]:

Load Factor =
1

8760 ∗
∑8760

t=1 Pt
Pmax

(1)

The number of total hours of a year is 8760. Pmax repre-
sents the maximum power consumption value over a year
and Pt indicates hourly power consumption. According to
Gustafson [54], the loss factor can be approximated as:

Loss Factor = (Load Factor)1.912 (2)

The loss factor and the load factor values vary from 0 to
1. The system efficiency rises up if these factors approach 1.
The changes in the load curve affect the loss factormuchmore
than the load factor because of the nonlinear characteristic of
losses. The relationship between bus power to total power loss
is defined in [55] and shown in (3).

Ploss =
∑nb

j=1
Rj(ajP2i + bjPi + cj) (3)

The impedance of jth line is indicated by Rj, ‘‘nb’’ is the
branch number and aj, bj, cj represent coefficients. The power
of ith bus is represented by Pi. As can be seen from (3), there
is a nonlinear relationship between loss and power load [55],
[56]. In electric power transmission systems, the load curve is
generally expected as smooth as possible in terms of system
stability, lower loss, and efficient usage of installed power
plants. Therefore, the difference between maximum and min-
imum consumption values of load curve is desirable to be
small. Additionally, two different load curves can have the
same total consumed energy, but the load factor and loss
factor can be quite different. For example, Fig. 2 presents two
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FIGURE 2. Desired and real normalized load duration curves.

different curves which have the same energy consumption
value. One of them is the normalized load duration curve
of Turkey which is obtained by dividing actual consumption
data to its maximum value drawn in the black solid line. The
other is the desired load curve of Turkey drawn in a red dotted
line. The energy amount of normalized load duration curve is
equal to the sum of A1 and A3. Desired load curve is obtained
by shifting the energy amount of A1 after the ‘‘x’’ point
of the real load duration curve. The maximum point of the
desired load curve is also the mean value of the normalized
load duration curve and this point is calculated as the peak
point that can be shaved as much as possible. The energy
amount of desired load curve is equal to the sum of A2 and
A3. The integrated areas ‘‘A1’’ and ‘‘A2’’, which also means
the amount of energy, are equal. However, both curves have
different load and loss factors. While load and loss factors
for the real normalized load duration curve are 0.7544 and

0.5834, both factors are 1.00 for the desired load curve that
means the system has perfect efficiency. Thus, it is seen that
‘‘peak point shaving/shifting’’ extremely affects the system
efficiency even if the total consumed energy does not change.

In this study, the relationship between peak point
shaving/shifting to the load and loss factors has been used in
order to improve electrical system efficiency, reduce power
losses in transmission systems, obtain monetary saving via
power curve smoothing, and improve load and loss factors
without changing the amount of total energy consumption.
The overall approach has been demonstrated in Fig. 3.

B. THE PARTICIPATION OF DATA CENTERS IN DSM
In this section, all analyses have been done using Turkey’s
energy consumption data for the year 2019 which was
290.4 TWh [52]. The total energy consumption rate of the

FIGURE 3. The schematic view of overall approach.
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FIGURE 4. The process of determining peak shaving point.

DCs for 2019 has been considered as two percent of Turkey’s
total energy consumption and is calculated as 5.8 TWh.

In order to examine the effects of the energy consumed by
DCs participating in DSM at different rates, seven different
ratios ranging between 10 to 70 percent of hourly DCs energy
consumption is assumed to be used in DSM and the analyses
are carried out for each case. While determining the maxi-
mum participating rate (70%), it was taken into consideration
that a data center cannot shift the entire workload instanta-
neously and the fact that the backup power capacity of a DC
should have at least twice the average power consumption of
a DC [57]. Since the secondary energy resource amount and
the shiftable workload ratio of each data center are different
from each other, various participation rates allow analyzing
the results of DCs’ participation in DSM at different levels.

The peak point of load duration curve has been
shaved/shifted as much as the participated DCs’ energy in
DSM. This process has been depicted in Fig. 4 and the
used mathematical formulation is defined in (4), (5), and (6).
DCs’ power consumption has been considered as uniformly
distributed in the analyses due to the lack of power consump-
tion profile data of individual DCs. Thus, the hourly power
consumption of DCs, DCsPow, is calculated by dividing the
total energy consumption of DCs (5.8 TWh) by the total hours
(8760). The hourly total power consumption of all DCs is
calculated as 663MW (DCsPow). The amount of DCs’ hourly
power involved in DSM is represented as DSMhourlyP and
calculated as in (4).

DSMhourlyP = DCsPow∗DSM ratio (4)

DSM ratio is the percentage ratio of DCs’ participation in
DSM per hour. DSMhourlyP is calculated for each value of
DSM ratio which are 10%, 20%, 30%, 40%, 50%, 60%, and
70%. In Fig. 4, the load duration curve of Turkey is defined
as a time-dependent function, f (t), where the initial peak
point is ‘‘1’’. During peak shaving procedure, three unknown
parameters should be calculated for each DSM ratio. One of
them is ‘‘x’’ indicating how many hours DCs participated in
DSM, the other one is EDSM which is indicating the DCs’
energy participated in DSM for each DSM ratio also equal to
the energy calculated between the initial peak point to the
new peak point and the last one is the new peak point, Pnew,
determined after shaving/shifting the EDSM .

In order to determine Pnew, firstly, the value of ‘‘x’’ should
be calculated because the Pnew can be obtained using the
equation of Pnew = f (x) for each DSM ratio. The total time
of DCs’ participated in DSM, ‘‘x’’, can be determined using
EDSM that can be calculated using two different methods.

One of them is multiplying the amount of DCs’ hourly
power involved in DSM (DSMhourlyP) by the value of ‘‘x’’ as
shown in (5). The other one is the mathematical calculation
of the integration between the initial peak point to the new
peak point of load duration curve as shown in (6).

EDSM = DSMhourlyP ∗x (5)

EDSM =
∫ x

0
[f (t)− f (x)] dt (6)

The value of x is obtained by solving both (5) and (6) which
are used to calculate EDSM as x dependent. Then, substituting
the value of ‘‘x’’ at the f (t), Pnew can be calculated. These
steps are repeated for each DSM ratio. After that, the amount
of EDSM is added to the end of the current curve and the new
normalized load duration curve has been created. The new
curves are sketched in Fig. 5. The calculated Pnew for each
percentage of DSM ratio can be seen in Fig. 5.

III. RESULTS OF ANALYSES
In this section, different effects of peak point shaving of
load duration curve are explained. The main results of DCs’
participation in DSM have been discussed in Subsection A.
The cost saving calculations, which is occurred by defer-
ring the establishment of new power plants, are described
in Subsection B. The CO2 reduction happened as a result
of avoiding energy generation as much as the amount of
prevented power losses and the economic impact of it have
been clarified in Subsection C. The results of global DCs
participation in DSM for all around the world have been
demonstrated in Subsection D.

A. THE RESULTS OF DCs’ PARTICIPATION IN DSM
The information about how the load and loss factors change
depends on each DSM ratio, the amount of reduction in peak
point of the load curve and power losses can be interpreted
from Table 2. In order to reveal the effects of different
percentages of DSM ratio, the calculations have been made
for each ratio between 10% to 70% and without DSM. The
corresponding results are shown in Table 2. The minimum
and maximum total annual hours of DCs’ participation in
DSM range between 12 to 93 hours and the corresponding
energy amount range between 796 MWh to 43,161 MWh.
The peak point of load curve for 2019 was 43,948 MW
and could be reduced to 43,821 MW or 42,990 MW using
the minimum and maximum DSM ratio. The peak point of
load duration curve could be decreased between the amount
of 127 MW to 958 MW which correspond to a minimum
of 0.28 percent and a maximum of 2.18 percent reduction
in the peak load of Turkey. This reduction has improved
Turkey’s load and loss factors even the total consumed energy
has not changed. When the peak point of load curve is
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FIGURE 5. The normalized load duration curves of Turkey after peak shaving for different percentages of DSMratio.

reduced from 43,948 MW to 42,990 MW, the load factor
of Turkey could be improved from 0.7544 to 0.7712 with a
2.2% increase and the loss factor could be improved from
0.5834 to 0.6085 with an increment of 4.3%. This means
that the improvement in the loss factor is almost two times
greater than as much as the improvement in the load factor
for the same DSM ratio. As explained in the previous section,
these results also show that the load curve smoothing affects
the load and loss factors in different amounts. Loss factor
improvement causes a reduction in power losses of the trans-
mission systems. The information of power losses rate for
2019 had not been published yet while this study was being
prepared. Thus, the average rate of power losses between
2006 to 2017 in Turkey, which is 2.34% of total consumed
energy [58], is used to calculate the power losses for 2019.
The total amount of losses calculated as 6.79 TWh and the
corresponding loss factor was 0.5834. Depending on the loss
factor improvement, the minimum and maximum amount of
power loss reduction are calculated as 37 GWh and 280 GWh

which equal to 0.54% and 4.13% reduction, respectively.
The corresponding savings, which are calculated using the
conversion rate of $87,000 per GWh [59], vary between
$3.2 million to $24.3 million as seen in Table 2. Additionally,
improving the loss factor causes to increase in the carrying
capacity of transmission lines and prevents the construction
of new transmission lines.

B. COST SAVING CALCULATIONS CONSIDERING
DEFERRED NEW POWER PLANTS
In addition to cost saving from the reduction of the losses in
the transmission systemswhich are caused byDCs’ participa-
tion in DSM, a much larger amount of the savings can occur
due to the reduction in peak point of Turkey load duration
curve.

Reducing the peak point means that deferring the new
power plants which Turkey aims to build in order to
meet growing energy demand and peak point in each year.

TABLE 2. The results of DCs’ Participation in DSM.
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TABLE 3. Distribution of Turkey installed power by energy resources.

According to [60], the installed power capacity of Turkey
was 88,442 MW in 2018 and it was 91,060 MW in 2019
[61]. So, new power plants with a size of 2,799 MW was
put into service in 2019. The distribution of new power
plants by energy resource is shown in Table 3 [58], [60],
[61]. Natural gas includes LNG, the energy resource of coal
consists of hard coal, imported coal, lignite, and asphaltite.
Renewables comprise geothermal, wind, solar, biomass. The
liquid fuel, naphtha, and oil are involved under the Fuel Oil
category.

According to Table 2, if the DCs had participated in DSM
for 2019, new power plants would not have required the
amount of installed power between 127 MW to 958 MW
which are equal to the amount of decreased peak points of
Turkey. Thus, Turkey could have deferred the installed power
plants put into service in 2019 by 4.5% at the minimum and
34.3% at the maximum. Therefore, Turkey could gain huge
monetary savings. The capital and operations and mainte-
nance (O&M) cost of power plants are calculated according
to [62] and shown in Table 4.

TABLE 4. Unit values of capital and O&M costs by power plant resources.

Total cost calculations of avoided new power plants are given
in Table 5.

New coal based power plants with the size of 542MWhave
been put into service in 2019 as shown in Table 3. Because the
coal based power plants produce more pollution than others,
in this paper, building new coal power plants is preferred to
be deferred first, then the natural gas and hydropower plants
are preferred. Thus, the avoidable power plants with the size
of 127MWare chosen to be coal for 10% ofDSM ratio. Turkey
could have obtained $472 million due to avoid building coal
based installed power plants for the minimumDSM ratio. With
the maximum DSM ratio, Turkey could have avoided building

TABLE 5. Cost calculation of deferred new power plants.

542 MW of coal, 277 MW of natural gas, and 139 MW
of Hydro based installed power plants as shown in Table 5.
Hereby, $3.276 billion could have been saved.

C. THE EFFECTS OF DCs’ PARTICIPATION IN
DSM ON CO2 EMISSIONS
The rapid development of technology in the 21st Century pro-
vides many benefits that will make people’s life easier. At the
same time, it causes irreversible damage to nature in many
ways. Currently, one of the most crucial issues for humanity
is global warming which is caused by raised greenhouse
gas emissions due to the increasing consumption of fossil
fuels and the destruction of forests. Among the greenhouse
gases, carbon dioxide (CO2) has the biggest responsibility
with a 72% ratio of the greenhouse effect. Methane (CH4)
follows it with a 19% ratio after that nitrous oxide (N2O) and
fluorinated gases (F-gases) share the responsibility by 6% and
3%, respectively [63].

DCs’ participation in DSM can contribute to preventing
CO2 emissions thanks to reducing the power losses in trans-
mission systems. According to conversion rates in [64], [65],
coal based power plants produce 908 tCO2 per GWh, natural
gas power plants emit 400 tCO2 per GWh and hydro power
plants produce 21 tCO2 per GWh. If the energy between
37 GWh to 280 GWh, which correspond to power loss reduc-
tion at the minimum and maximum rate as seen in Table 2,
had not generated, the CO2 emission could have decreased
as between 33,596 tCO2 to 254,240 tCO2. Coal based power
plants have been used for the calculation due to their more
polluting characteristic than other power plants Since the
negative effects of carbon emissions on health, water, food
production, and environment, economic loss has been also
occurred. According to [66], per ton of CO2 can cause an
economic loss of up to $100. Hereby, DCs’ participation
in DSM could have additionally made a profit for Turkey
between $3.3 million to $25.4 million in 2019 by reducing
the CO2 emission.

D. GLOBAL EFFECTS OF DCs’ PARTICIPATION IN DSM
It can be inferred from the above results that DCs in all
around the world can provide more gains if they can par-
ticipate in DSM globally in terms of their flexible and huge
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FIGURE 6. The normalized load duration curves of the world after peak shaving for different percentages of DSMratio.

power consumption which was 198 TWh in 2018 [14]. As a
result of DCs’ participation in DSM at certain times for peak
shaving/shifting, there may not need to build new power
plants, especially for countries that have large populations
and mainly generates electricity from coal. Therefore, both
monetary and environmental gains could have reached a sig-
nificant amount.

Since global power consumption and generation data for
2019 has not been published yet, in this section, all calcula-
tions and analysis for environmental and economic effects of
global DCs’ participation in DSM have been carried out for
the year 2018. Additionally, the world load duration curve
has been assumed to be the same as Turkey’s profile, which
is shown in Fig. 3, because there is no hourly power consump-
tion data for all the world. The only known value is the total
energy consumption of the world that was 26,615 TWh in
2018 [67]. To reveal the effects of global DCs’ participation
in DSM, similar steps and methods in Section II are used.
The peak point of the world load duration curve has been
shaved/shifted asmuch as the energy in different participation
ratios that vary 10% to 70% of DCs’ hourly power consump-
tion. The amount of energy involved in DSM,EDSM , is shifted
to the end of the curve for each DSM ratio, thereby new nor-
malized load duration curves of the world have been created
as shown in Fig. 6. The calculated new peak points of load
curves for each percentage of DSM ratio can be seen in Fig. 6.
In order to calculate required real values such as DCs’

participation amount, the amount of decreased peak point,
etc., the total energy amount (Epu) has been calculated in
per unit by integral of the load duration curve without DSM
in Fig. 6. Then, (7) has been used to calculate the base value.

Ereal = Epu∗Ebase (7)

Epu represents the calculated energy amount in per unit
which is 6,609PU and Ereal is the real energy consumption
of the world which is 26,615 TWh [67]. According to the (7),
the base value (Ebase) is calculated as 4,027 GWh. All other
requirement values are calculated using the base value. Sim-
ilar to Section II, the main purpose is to decrease the peak
point of the world duration curve by peak shaving. Thus,
(4), (5), and (6) are used to calculate a new peak point after
peak shaving likewise in Section II. Accordingly, DCsPow
is calculated as 22.6 GW. The results of peak shaving for
each DSM ratio are summarized in Table 6. The peak point
of the world power consumption is calculated as 4,027 GW
for 2018. This amount could be reduced to 4,024 GW, which
equals a decrease of 0.08%, if the DCs in all around the world
were participating inDSMwith 10 percent of its hourly power
consumption. The maximum reduction in peak point, which
is 30.8 GWand equals a decrease of 0.77%, could be obtained
with 70 percent of DSM ratio.
Decreasing peak point leads to an improvement in load and

loss factors. Based on the World Bank data [68], the world
average electric power transmission and distribution (T&D)
losses between 2010 to 2014 is 8.23% of the world’s total
electricity generation. According to The Regulatory Assis-
tance Project (RAP) report [69], the rate of T&D losses
varies from 6% to 11%. Additionally, the National Asso-
ciation of Clean Air Agencies (NACAA) report [70] says
that transmission line losses range between 2% to 5%. Since
T&D losses include non-technical and transformers losses,
we focus on only transmission losses related to loss factor
for calculating worldwide power loss reduction that hap-
pened due to peak shaving. Consequently, the amount of
worldwide transmission losses for the year 2018 have been
considered as 3% of worldwide energy generation. So, the

14892 VOLUME 9, 2021



M. T. Takcı et al.: Quantitative Evaluation of Data Centers’ Participation in Demand Side Management

TABLE 6. The results of global DCs’ participation in DSM.

worldwide transmission losses are calculated as 798.45 TWh
that corresponds to the loss factor value of 0.5834. After
peak shaving for each DSM ratio, minimum and maximum
amounts of loss reduction have been calculated as 1,230GWh
and 11,865 GWh which are corresponded to the loss factors
of 0.5843 and 0.5922 respectively. Thismeans that worldwide
energy generation could be reduced between 1,230 GWh to
11,865 GWh via global DCs’ Participation in DSM for 2018.
These amounts are equal to 0.15% and 1.5% of worldwide
transmission losses of 2018. Thus, the global CO2 emission
could be reduced between 1.2 Mt of CO2 to 10.78 Mt of CO2
and it is caused to monetary savings between $120 million
to $1.078 billion due to negative effects of CO2 on nature.
These calculations are determined based on the conversion
rates explained in Section III-C. The maximum avoidable
CO2 amount is equal to the CO2 emission of Senegal [71],
which is also equal to 0.03 percent of the world total CO2
emission (37,887Mt) for 2018.

The peak point reduction could have also led to deferring
build new power plants. In order to decide which type of
power plants could be deferred, the amount of world total
installed power capacity [72] by resource between 2017 to
2018 is shown in Table 7. The Renewables category includes
geothermal, wind, solar, biomass, nuclear, and battery. As can
be seen in Table 6, if the DCs all around the world had
participated in DSM in 2018, new power plants would not
have required in the amount of installed power between
3.2 GW to 30.8 GW corresponding to the minimum and
maximum DSM ratio. These amounts are equal to 1.3 percent
and 12.5 percent of the total global capacity of installed power
plants launched in 2018. In other words, 1.3% to 12.5% of
global installed power plants could be deferred if the DCs
participated in DSM globally. When the power plants to be
built are allocated to energy resources, coal, and natural gas
based power plants primally preferred to be deferred in terms
of their more polluting nature than others.

Considering the values in Table 7, the amount of deferring
coal power plants is determined as 3.2 GW for 10%DSM ratio
while it is determined as 8 GW for 70% DSM ratio. The rest
amount (22.8 GW) is decided to be as natural gas based power

plants for 70% DSM ratio. Therefore, huge monetary savings
and environmental benefits could be obtained.

The avoided cost has been calculated using capital and
O&M costs of power plants defined in Table 4 [62], and the
results are shown in Table 8.

As a result, if the DCs all around the world had participated
in DSM for the year 2018, the minimum monetary saving
could have been $11.95 billion for minimum DSM ratio and
$72.8 billion with 70% DSM ratio in maximum by deferring
the establishment of new power plants and preventing the
harmful effects of CO2 emission.

TABLE 7. Distribution of world installed power by energy resources.

TABLE 8. Cost calculation of deferred new power plants for all the world.
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IV. CONCLUSION
In this paper, the reasons and the significance of using DCs
as participants of DSM in classical electrical systems have
been clarified. At first, the needs for DCs and effects of
COVID-19 Pandemic on it have been described. Additionally,
it is explained why DCs can be used as a prosumer. Then,
the consequences of DCs’ participation in DSM for Turkey
have been examined with the actual data and corresponding
benefits are analyzed. The effects of DCs’ participation in
DSM on load and loss factor, power losses in the transmission
systems, avoided cost of new power plants planned to be
established, and reduction in CO2 emissions of Turkey have
been examined. Furthermore, all these analyses have been
carried out for global DCs’ participation in DSM for all
around the world as well.

This study exemplifies that the values of load and loss
factors for two different load curves might not be the same
even if they have the same energy consumption. This enables
us to reduce losses and increase monetary savings just by
using peak point shaving method without changing overall
energy consumption. It is clearly shown that the ratio of
DCs’ participation in DSM affects the loss factor more than
the load factor. Seventy percent of DSM ratio improves the
loss factor two times greater than the improvement ratio
of the load factor. These advancements lead to a reduc-
tion in power losses in transmission systems, an increase
in the carrying capacity of transmission lines, the preven-
tion of constructing new transmission lines, and new power
plants.

The most obvious findings to emerge from this study are
as follows:
• DCs’ participation in DSM could cause the peak point
of Turkey to decrease by between 0.28% to 2.18%.

• DCs’ participation in DSM could cause a 2.2% improve-
ment in the load factor and 4.3% improvement in the loss
factor.

• DCs’ participation in DSM could cause power trans-
mission loss to decrease by between 0.54% to 4.13%
which could provide to save between $3.2 million and
$24.3 million.

• DCs’ participation in DSM could cause 4.5% to
34.3% of the installed power plants put into service
in 2019 to defer. Thus, the cost of new power plants
between $472 million to $3.276 billion could be
avoided.

• DCs’ participation in DSM might have provided to
reduce 254,240 tCO2 emissions of Turkey for max-
imum DSM ratio. Corresponding cost saving could be
$25.4 million in terms of the harmful effects of CO2 on
nature.

• The results of global DCs’ participation in DSM for
all around the world have been examined using similar
steps and analyses carried out for Turkey.

• Global DCs’ participation in DSM for all around the
world could cause the peak point of theworld to decrease
by between 0.08% to 0.77%.

• Global DCs’ participation in DSM for all around the
world could cause worldwide power transmission loss
to decrease by between 0.15% to 1.5%.

• Global DCs’ participation in DSM for all around the
world 1.3% to 12.5% of the installed power plants put
into service in 2018 to defer. The monetary saving of
$11.83 billion could be obtained due to the deferring
establishment of new power plants for 10% ofDSM ratio,
while it could be $71.72 billion for 70% of DSM ratio.

• The global CO2 emission could be reduced by 1.2 Mt of
CO2 emission for minimum global DCs’ participation
ratio (10%). The maximum amount could be 10.78 Mt
of CO2 which is equal to the total carbon emission
amount of Senegal and 0.03%of theworldwide emission
in 2018. Due to the harmful effects of CO2 on nature,
it would provide financial gains between $120 million
to $1.078 billion.

As a result, it is clearly shown that DCs are significant
players in terms of power systems operations by compensat-
ing demand fluctuations and power curve smoothing. Besides
the mentioned benefits, DCs’ participation in DSM has great
potential to provide financial gains. This study encourages
similar studies by drawing attention to the importance of DCs
in terms of power systems by examining the participation
of DCs in DSM with a holistic view and highlighting its
contribution to power systems. The future work is planned
to examine the effects and contribution of small data centers’
participation in local DSM for both themselves and distribu-
tion systems from a win-win perspective.

REFERENCES
[1] (2020). Cisco Annual Internet Report (2018-2023). Cisco, San Jose,

CA, USA. Accessed: Nov. 25, 2020. [Online]. Available: https://www.
cisco.com/c/en/us/solutions/collateral/executive-perspectives/annual-
internet-report/white-paper-c11-741490.html

[2] D. Reinsel, J. Gantz, and J. Rydning, ‘‘The digitization of the world
from edge to core,’’ in International Data Corporation (IDC).
Framingham,MA, USA: SEAGATE, Nov. 2018. Accessed: Nov. 25, 2020.
[Online]. Available: https://www.seagate.com/files/www-content/our-
story/trends/files/idc-seagate-dataage-whitepaper.pdf

[3] R. Y. Kim, ‘‘The impact of COVID-19 on consumers: Preparing for digital
sales,’’ IEEE Eng. Manag. Rev., vol. 48, no. 3, pp. 212–218, Sep. 2020,
doi: 10.1109/EMR.2020.2990115.

[4] National Tracking Poll #200394 March 24-26, 2020 Crosstabulation
Results, Morning Consult, Washington, DC, USA, 2020.
Accessed: Nov. 25, 2020. [Online]. Available: https://morningconsult.
com/wp-content/uploads/2020/03/200394_crosstabs_CORONAVIRUS_
CONTENT_Adults_v4_JB-1.pdf

[5] Q. Hardy. (Apr. 2020). COVID-19 And Our Surprising Digital
Transformation, Forbes. Accessed: Nov. 25, 2020. [Online]. Available:
https://www.forbes.com/sites/googlecloud/2020/04/08/covid-19-and-our-
surprising-digital-transformation/#4495673420e7

[6] R. De’, N. Pandey, and A. Pal, ‘‘Impact of digital surge during covid-
19 pandemic: A viewpoint on research and practice,’’ Int. J. Inf. Man-
age., vol. 55, Dec. 2020, Art. no. 102171, doi: 10.1016/j.ijinfomgt.
2020.102171.

[7] T. Spangler. (Mar. 2020). HBO Now Streaming Has Ballooned 40%
in Past Week, Variety. Accessed: Nov. 25, 2020. [Online]. Available:
https://variety.com/2020/digital/news/hbo-now-streaming-growth-stats-
coronavirus-1203543848/

[8] G. Jung, M. A. Hiltunen, K. R. Joshi, R. D. Schlichting, and C. Pu,
‘‘Mistral: Dynamically managing power, performance, and adaptation cost
in cloud infrastructures,’’ in Proc. IEEE 30th Int. Conf. Distrib. Comput.
Syst., Genova, Italy, 2010, pp. 62–73.

14894 VOLUME 9, 2021

http://dx.doi.org/10.1109/EMR.2020.2990115
http://dx.doi.org/10.1016/j.ijinfomgt.2020.102171
http://dx.doi.org/10.1016/j.ijinfomgt.2020.102171


M. T. Takcı et al.: Quantitative Evaluation of Data Centers’ Participation in Demand Side Management

[9] Y. Yao, L. Huang, A. Sharma, L. Golubchik, and M. Neely, ‘‘Data
centers power reduction: A two time scale approach for delay tolerant
workloads,’’ in Proc. IEEE INFOCOM, Orlando, FL, USA, Mar. 2012,
pp. 1431–1439.

[10] L. Rao, X. Liu, L. Xie, andW. Liu, ‘‘Minimizing electricity cost: Optimiza-
tion of distributed Internet data centers in a multi-electricity-market envi-
ronment,’’ in Proc. IEEE INFOCOM, San Diego, CA, USA, Mar. 2010,
pp. 1–9.

[11] J. Li, Z. Bao, and Z. Li, ‘‘Modeling demand response capability by Inter-
net data centers processing batch computing jobs,’’ IEEE Trans. Smart
Grid, vol. 6, no. 2, pp. 737–747, Mar. 2015, doi: 10.1109/TSG.2014.
2363583.

[12] R. Brown et al., ‘‘Report to congress on server and data cen-
ter energy efficiency: Public law 109–431,’’ U.S. Environ. Protection
Agency Lawrence Berkeley Nat. Lab., Berkeley, CA, USA, Tech. Rep.
LBNL-363E, Aug. 2007. Accessed: Nov. 25, 2020. [Online]. Available:
https://eta.lbl.gov/publications/reportcongress-server-data-center

[13] J. Koomey, Growth in Data Center Electricity use 2005 to 2010. Oakland,
CA, USA: Analytics Press, 2011. Accessed: Nov. 25, 2020. [Online].
Available: https://www.missioncriticalmagazine.com/articles/82420-
growth-in-data-center-electricity-use-2005-to-2010

[14] Data Centres and Data Transmission Networks. Int. Energy Agency (IEA),
Paris, France, Jun. 2020. Accessed: Nov. 25, 2020. [Online]. Available:
https://www.iea.org/reports/data-centres-and-data-transmission-networks

[15] A. Qureshi, R. Weber, H. Balakrishnan, J. Guttag, and B. Maggs,
‘‘Cutting the electric bill for Internet-scale systems,’’ ACM SIGCOMM
Comput. Commun. Rev., vol. 39, no. 4, pp. 123–134, Aug. 2009, doi:
10.1145/1594977.1592584.

[16] M. P. Mills. (Aug. 2013). The Cloud Begins With Coal. Digital Power
Group. Accessed: Nov. 25, 2020. [Online]. Available: https://www.tech-
pundit.com/reports/page/3/

[17] P. Huang, B. Copertaro, X. Zhang, J. Shen, I. Löfgren, M. Rönnelid,
J. Fahlen, D. Andersson, and M. Svanfeldt, ‘‘A review of data centers as
prosumers in district energy systems: Renewable energy integration and
waste heat reuse for district heating,’’ Appl. Energy, vol. 258, Jan. 2020,
Art. no. 114109, doi: 10.1016/j.apenergy.2019.114109.

[18] M. T. Takcı, ‘‘Designing of A simulator architecture for greener data
center through knowledge transfer by partners in different sectors,’’ in
Proc. 12th Int. Tech. Edu. Devlp. Conf. (INTED), Valencia, Spain, 2018,
pp. 4069–4076.

[19] M. T. Takcı, T. Gozel, and M. H. Hocaoglu, ‘‘Forecasting power consump-
tion of IT devices in a data center,’’ in Proc. 20th Int. Conf. Intell. Syst.
Appl. Power Syst. (ISAP), New Delhi, India, Dec. 2019, pp. 1–8.

[20] D.-K. Kang, E.-J. Yang, and C.-H. Youn, ‘‘Deep learning-based sustainable
data center energy cost minimization with temporal MACRO/MICRO
scale management,’’ IEEE Access, vol. 7, pp. 5477–5491, 2019, doi:
10.1109/ACCESS.2018.2888839.

[21] P. Wang, Y. Cao, and Z. Ding, ‘‘Flexible multi-energy scheduling scheme
for data center to facilitate wind power integration,’’ IEEE Access, vol. 8,
pp. 88876–88891, 2020, doi: 10.1109/access.2020.2990454.

[22] S. Ahmad, A. Ahmad,M.Naeem,W. Ejaz, andH. S. Kim, ‘‘A compendium
of performance metrics, pricing schemes, optimization objectives, and
solution methodologies of demand side management for the smart grid,’’
Energies, vol. 11, no. 10, pp. 1–33, Oct. 2018, doi: 10.3390/en11102801.

[23] M. A. Al-Iriani, ‘‘Climate-related electricity demand-side manage-
ment in oil-exporting countries—The case of the United Arab Emi-
rates,’’ Energy Policy, vol. 33, no. 18, pp. 2350–2360, Dec. 2005, doi:
10.1016/j.enpol.2004.04.026.

[24] P. Yilmaz, M. H. Hocaoglu, and A. E. S. Konukman, ‘‘A pre-
feasibility case study on integrated resource planning including renew-
ables,’’ Energy Policy, vol. 36, no. 3, pp. 1223–1232, Mar. 2008, doi:
10.1016/j.enpol.2007.12.007.

[25] R. A. Verzijlbergh, L. J. De Vries, and Z. Lukszo, ‘‘Renewable energy
sources and responsive demand. Dowe need congestionmanagement in the
distribution grid?’’ IEEE Trans. Power Syst., vol. 29, no. 5, pp. 2119–2128,
Sep. 2014, doi: 10.1109/TPWRS.2014.2300941.

[26] J. M. Arroyo and A. J. Conejo, ‘‘Multiperiod auction for a pool-based elec-
tricity market,’’ IEEE Trans. Power Syst., vol. 17, no. 4, pp. 1225–1231,
Nov. 2002, doi: 10.1109/TPWRS.2002.804952.

[27] A. Borghetti, G. Gross, and C. A. Nucci, ‘‘Auctions with explicit demand-
side bidding in competitive electricity markets,’’ in The Next Generation
of Electric Power Unit Commitment Models, vol. 36. Boston, MA, USA:
Springer, 2002, pp. 53–57.

[28] G. Ghatikar, V. Ganti, and N. Matson, ‘‘Demand response oppor-
tunities and enabling technologies for data centers: Findings from
field studies,’’ Lawrence Berkeley Nat. Lab., Berkeley, CA, USA,
Tech. Rep. LBNL-5763E, Aug. 2012. Accessed: Nov. 25, 2020.
[Online]. Available: https://gridintegration.lbl.gov/publications/demand-
response-opportunities-and

[29] N. Mahmoudi, T. K. Saha, and M. Eghbal, ‘‘A new trading framework for
demand response aggregators,’’ in Proc. IEEE PES Gen. Meeting Conf.
Expo., Harbor, MD, USA, Jul. 2014, pp. 1–5.

[30] B. Kantarci and H. T. Mouftah, ‘‘The impact of time of use (ToU)-
awareness in energy and opex performance of a cloud backbone,’’ in
Proc. IEEE Global Commun. Conf. (GLOBECOM), Anaheim, CA, USA,
Dec. 2012, pp. 3250–3255.

[31] B. Kantarci and H. T. Mouftah, ‘‘Time of use (ToU)-awareness with
inter-data center workload sharing in the cloud backbone,’’ in Proc.
IEEE Int. Conf. Commun. (ICC), Budapest, Hungary, Jun. 2013,
pp. 4207–4211.

[32] T. Yang, Y. Zhao, H. Pen, and Z. Wang, ‘‘Data center holis-
tic demand response algorithm to smooth microgrid tie-line power
fluctuation,’’ Appl. Energy, vol. 231, pp. 277–287, Dec. 2018, doi:
10.1016/j.apenergy.2018.09.093.

[33] M. Dabbagh, B. Hamdaoui, A. Rayes, and M. Guizani, ‘‘Shaving data
center power demand peaks through energy storage and workload shift-
ing control,’’ IEEE Trans. Cloud Comput., vol. 7, no. 4, pp. 1095–1108,
Oct. 2019, doi: 10.1109/TCC.2017.2744623.

[34] L. Cupelli, T. Schutz, P. Jahangiri, M. Fuchs, A. Monti, and D. Müller,
‘‘Data center control strategy for participation in demand response pro-
grams,’’ IEEE Trans. Ind. Informat., vol. 14, no. 11, pp. 5087–5099,
Nov. 2018, doi: 10.1109/TII.2018.2806889.

[35] W.-Z. Zhang, H.-C. Xie, and C.-H. Hsu, ‘‘Automatic memory con-
trol of multiple virtual machines on a consolidated server,’’ IEEE
Trans. Cloud Comput., vol. 5, no. 1, pp. 2–14, Jan. 2017, doi:
10.1109/TCC.2014.2378794.

[36] W. Zhang, S. Han, H. He, and H. Chen, ‘‘Network-aware virtual machine
migration in an overcommitted cloud,’’ Future Gener. Comput. Syst.,
vol. 76, pp. 428–442, Nov. 2017, doi: 10.1016/j.future.2016.03.009.

[37] A.-M. Ammar, J. Luo, Z. Tang, and O. Wajdy, ‘‘Intra-balance vir-
tual machine placement for effective reduction in energy consumption
and SLA violation,’’ IEEE Access, vol. 7, pp. 72387–72402, 2019, doi:
10.1109/ACCESS.2019.2920010.

[38] J. Li and W. Qi, ‘‘Toward optimal operation of Internet data center micro-
grid,’’ IEEE Trans. Smart Grid, vol. 9, no. 2, pp. 971–979, Mar. 2018, doi:
10.1109/TSG.2016.2572402.

[39] Y. Guo, H. Li, and M. Pan, ‘‘Colocation data center demand response
using Nash bargaining theory,’’ IEEE Trans. Smart Grid, vol. 9, no. 5,
pp. 4017–4026, Sep. 2018, doi: 10.1109/TSG.2016.2647246.

[40] Y. Zhan, M. Ghamkhari, D. Xu, S. Ren, and H. Mohsenian-Rad, ‘‘Extend-
ing demand response to tenants in cloud data centers via non-intrusive
workload flexibility pricing,’’ IEEE Trans. Smart Grid, vol. 9, no. 4,
pp. 3235–3246, Jul. 2018, doi: 10.1109/TSG.2016.2628886.

[41] G. Fridgen, R. Keller, M. Thimmel, and L. Wederhake, ‘‘Shifting load
through space—The economics of spatial demand side management using
distributed data centers,’’ Energy Policy, vol. 109, pp. 400–413, Oct. 2017,
doi: 10.1016/j.enpol.2017.07.018.

[42] M. Thimmel, G. Fridgen, R. Keller, and P. Roevekamp, ‘‘Compensating
balancing demand by spatial load migration—The case of geographi-
cally distributed data centers,’’ Energy Policy, vol. 132, pp. 1130–1142,
Sep. 2019, doi: 10.1016/j.enpol.2019.06.063.

[43] M. M. Moghaddam, M. H. Manshaei, W. Saad, and M. Goudarzi,
‘‘On data center demand response: A cloud federation approach,’’
IEEE Access, vol. 7, pp. 101829–101843, 2019, doi: 10.1109/
ACCESS.2019.2928552.

[44] Q. Liu, S. Chen, G. Wu, and C. Gao, ‘‘Congestion management in cross-
region grid considering spatially transferable characteristic of data center
load,’’ in Proc. 2nd IEEE Conf. Energy Internet Energy Syst. Integr. (EI),
Beijing, China, Oct. 2018, pp. 1–6.

[45] L. Yu, T. Jiang, and Y. Zou, ‘‘Distributed real-time energy manage-
ment in data center microgrids,’’ IEEE Trans. Smart Grid, vol. 9, no. 4,
pp. 3748–3762, Jul. 2018, doi: 10.1109/TSG.2016.2640453.

[46] M. A. Islam, H. Mahmud, S. Ren, and X. Wang, ‘‘A carbon-
aware incentive mechanism for greening colocation data centers,’’
IEEE Trans. Cloud Comput., vol. 8, no. 1, pp. 4–16, Jan. 2020, doi:
10.1109/TCC.2017.2767043.

VOLUME 9, 2021 14895

http://dx.doi.org/10.1109/TSG.2014.2363583
http://dx.doi.org/10.1109/TSG.2014.2363583
http://dx.doi.org/10.1145/1594977.1592584
http://dx.doi.org/10.1016/j.apenergy.2019.114109
http://dx.doi.org/10.1109/ACCESS.2018.2888839
http://dx.doi.org/10.1109/access.2020.2990454
http://dx.doi.org/10.3390/en11102801
http://dx.doi.org/10.1016/j.enpol.2004.04.026
http://dx.doi.org/10.1016/j.enpol.2007.12.007
http://dx.doi.org/10.1109/TPWRS.2014.2300941
http://dx.doi.org/10.1109/TPWRS.2002.804952
http://dx.doi.org/10.1016/j.apenergy.2018.09.093
http://dx.doi.org/10.1109/TCC.2017.2744623
http://dx.doi.org/10.1109/TII.2018.2806889
http://dx.doi.org/10.1109/TCC.2014.2378794
http://dx.doi.org/10.1016/j.future.2016.03.009
http://dx.doi.org/10.1109/ACCESS.2019.2920010
http://dx.doi.org/10.1109/TSG.2016.2572402
http://dx.doi.org/10.1109/TSG.2016.2647246
http://dx.doi.org/10.1109/TSG.2016.2628886
http://dx.doi.org/10.1016/j.enpol.2017.07.018
http://dx.doi.org/10.1016/j.enpol.2019.06.063
http://dx.doi.org/10.1109/ACCESS.2019.2928552
http://dx.doi.org/10.1109/ACCESS.2019.2928552
http://dx.doi.org/10.1109/TSG.2016.2640453
http://dx.doi.org/10.1109/TCC.2017.2767043


M. T. Takcı et al.: Quantitative Evaluation of Data Centers’ Participation in Demand Side Management

[47] Y. Yi, A. Zheng, X. Shao, G. Cui, G. Wu, G. Tong, and C. Gao, ‘‘Joint
adjustment of emergency demand response considering data center and
air-conditioning load,’’ in Proc. IEEE Int. Conf. Energy Internet (ICEI),
Beijing, China, May 2018, pp. 72–76.

[48] F. Sayan. (2017). Türkiye Elektronik Haberleşme Sektörü Pazar Verileri
Raporu 2017 Yılı 3. Çeyrek. Bilgi Teknolojileri ve İletişim Kurumu,
Ankara, Türkiye. Accessed: Nov. 25, 2020. [Online]. Available:
https://www.btk.gov.tr/duyurular/turkiye-elektronik-haberlesme-sektoru-
3-aylik-pazar-verileri-raporu-yayimlandi

[49] İ. E. Uyanık, ‘‘Türk Telekom Veri Merkezleri,’’ presented at the Bgd Veri
Merkezleri Konferansi, 2013. Accessed: Nov. 25, 2020. [Online]. Avail-
able: https://www.bilgiguvenligi.org.tr/faaliyetler/etkinlikler/2013-2/veri-
merkezi-calistayi-2013/

[50] E. B. Eymirli and C. Çiftçi. (2016). Veri Merkezi Yatırımları Açısın-
dan TRA1 Bölgesinin Değerlendirilmesi. Kuzeydoğu Anadolu Kalkınma
Ajansı (KUDAKA), Erzurum, Türkiye. Accessed: Nov. 25, 2020. [Online].
Available: https://www.kudaka.gov.tr/veri-merkezi-yatirimlari-acisindan-
tra1-bolgesinin-degerlendirilmesi/

[51] Elektrik Piyasasi Yan Hizmetler Yönetmeliği. (Nov. 2017).
T.C. Enerji Piyasası Düzenleme Kurumu (EPDK). Ankara, Türkiye.
Accessed: Nov. 25, 2020. [Online]. Available: http://www.resmigazete.
gov.tr/eskiler/2017/11/20171126-8.htm

[52] Yük Tevzi Bilgi Sistemi (YTBS). Accessed: Nov. 25, 2020. [Online]. Avail-
able: https://ytbsbilgi.teias.gov.tr/ytbsbilgi/frm_istatistikler.jsf

[53] K. Malmedal and P. K. Sen, ‘‘A better understanding of load and loss
factors,’’ in Proc. IEEE Ind. Appl. Soc. Annu. Meeting, Edmonton, AB,
Canada, Oct. 2008, pp. 1–6.

[54] M. W. Gustafson, J. S. Baylor, and S. S. Mulnix, ‘‘The equivalent hours
loss factor revisited (power systems),’’ IEEE Trans. Power Syst., vol. 3,
no. 4, pp. 1502–1508, Nov. 1988, doi: 10.1109/59.192959.

[55] A. A. Seker, T. Gozel, andM.H. Hocaoglu, ‘‘An analytic approach to deter-
mine maximum penetration level of distributed generation considering
power loss,’’ in Proc. 20th Int. Middle East Power Syst. Conf. (MEPCON),
Cairo, Egypt, Dec. 2018, pp. 956–961.

[56] T. Gözel and M. H. Hocaoglu, ‘‘An analytical method for the sizing and
siting of distributed generators in radial systems,’’ Electr. Power Syst. Res.,
vol. 79, no. 6, pp. 912–918, Jun. 2009, doi: 10.1016/j.epsr.2008.12.007.

[57] N. Rasmussen, ‘‘Calculating total cooling requirements for
data centers,’’ Schneider Electr., Tech. Rep. SPD_VAVR-
5TDTEF_EN, May 2011. Accessed: Nov. 25, 2020. [Online].
Available: https://www.se.com/us/en/download/document/SPD_VAVR-
5TDTEF_EN/

[58] Türkiye Elektrik Enerjisi 5 Yillik Üretim Kapasite Projeksiyonu
(2018-2022). (May 2018). T.C Enerji Piyasası Düzenleme Kurumu
(EPDK). Ankara, Türkiye. Accessed: Nov. 25, 2020. [Online]. Available:
https://www.epdk.org.tr/Detay/Icerik/3-0-66/elektrikuretim-kapasite-
projeksiyonlari

[59] Elektrik Fiyatlarına Esas Tarife Tabloları—Nihai Tarife Tablosu.
(Sep. 2019). T.C. Enerji Piyasası Düzenleme Kurumu (EPDK). Ankara,
Türkiye. Accessed: Nov. 25, 2020. [Online]. Available: https://www.epdk.
org.tr/Detay/Icerik/3-1327/elektrik-faturalarina-esas-tarife-tablolari

[60] M. Yilmaz. Elektrik Piyasası Sektör Raporu 2018. (2019).
T.C Enerji Piyasası Düzenleme Kurumu (EPDK). Ankara, Türkiye.
Accessed: Nov. 25, 2020. [Online]. Available: https://www.epdk.
org.tr/Detay/Icerik/3-0-24-3/elektrikyillik-sektor-raporu

[61] Elektrik Piyasası Sektör Raporu-Aralık 2019. (Dec. 2019).
T.C Enerji Piyasası Düzenleme Kurumu (EPDK). Ankara, Türkiye.
Accessed: Nov. 25, 2020. [Online]. Available: https://www.epdk.
org.tr/Detay/Icerik/3-0-23-3/elektrikaylik-sektor-raporlar

[62] (2020). Capital Cost and Performance Characteristic Estimates for
Utility Scale Electric Power Generating Technologies. U.S. Energy
Inf. Admin. (EIA). Accessed: Nov. 25, 2020. [Online]. Available:
https://www.eia.gov/analysis/studies/powerplants/capitalcost/

[63] J. G. J. Olivier, G. J. Maenhout, M. Muntean, and
J. A. H. W. Peters, ‘‘Trends in global CO2 emissions: 2016 report,’’ PBL
Netherlands Environ. Assessment Agency, The Hague, The Netherlands,
Tech. Rep. 103428, 2016. Accessed: Nov. 25, 2020. [Online]. Available:
https://www.pbl.nl/en/publications/trends-in-global-co2-emissions-2016-
report

[64] F. Birol. (2019). CO2 Emmisions From Fuel Combustion—Highlights
2019. Int. Energy Agency. Paris, France. Accessed: Nov. 25, 2020.
[Online]. Available: https://webstore.iea.org/co2-emissions-from-fuel-
combustion-2019-highlights

[65] T. Jiang, Z. Shen, Y. Liu, and Y. Hou, ‘‘Carbon footprint assessment of four
normal size hydropower stations in China,’’ Sustainability, vol. 10, no. 6,
pp. 1–14, Jun. 2018, doi: 10.3390/su10062018.

[66] (Nov. 2007). Carbon Dioxide Emissions From Power Plants
Rated Worldwide. Center for Global Develop. ScienceDaily.
Accessed: Nov. 25, 2020. [Online]. Available: http://www.sciencedaily.
com/releases/2007/11/071114163448.htm

[67] B. Dudley. (2019). BP Statistical Review of World Energy-2019 68th
Edition. Accessed: Nov. 25, 2020. [Online]. Available: https://www.bp.
com/en/global/corporate/energy-economics/statistical-review-of-world-
energy/downloads.html

[68] Electric Power Transmission and Distribution Losses (% of Out-
put), World Bank-IEA World Energy Outlook, Washington, DC, USA,
2020. Accessed: Nov. 25, 2020. [Online]. Available: https://data.
worldbank.org/indicator/EG.ELC.LOSS.ZS

[69] J. Lazar and X. Baldwin. (Aug. 2011). Valuing the Contribution of Energy
Efficiency to Avoid Marginal Line Losses and Reserve Requirements.
The Regulatory Assistance Project (RAP). Accessed: Nov. 25, 2020.
[Online]. Available: https://www.raponline.org/knowledge-
center/valuing-the-contribution-of-energy-efficiency-to-avoided-
marginal-line-losses-and-reserve-requirements/

[70] G. Aburn andM. Hough, ‘‘Implementing EPA’s Clean Power Plan:AMenu
of Options,’’ Nat. Assocation Clean Air Agencies (NACAA), Arlington,
VA, USA, Tech. Rep., May 2015. Accessed: Nov. 25, 2020. [Online].
Available: http://www.4cleanair.org/NACAA_Menu_of_Options

[71] M Crippa, G Oreggioni, D Guizzardi, M. Muntean, E. Schaaf,
E. Lo Vullo, E. Solazzo, F. Monforti-Ferrario, J. G. J. Olivier, and
E. Vignati, ‘‘Fossil CO2 and GHG emissions of all world countries-
2019 Report,’’ Office Eur. Union, Luxembourg, Europe, Tech. Rep.
EUR 29849 EN, 2019. Accessed: Nov. 25, 2020. [Online]. Available:
https://edgar.jrc.ec.europa.eu/archived_datasets.php#reports

[72] Installed Power Generation Capacity in the Stated Policies Scenario,
2000-2040, Int.Energy Agency (IEA), Paris, France, Nov. 2019.
Accessed: Nov. 25, 2020. [Online]. Available: https://www.iea.org/data-
and-statistics/charts/installed-power-generation-capacity-in-the-stated-
policies-scenario-2000-2040

MEHMET TÜRKER TAKCI received the B.Sc.
and M.Sc. degrees in electronics engineering
fromGebze Technical University, Kocaeli, Turkey,
in 2011 and 2015, respectively, where he is cur-
rently pursuing the Ph.D. degree with the Electron-
ics Engineering Department. Since 2013, he has
been a Research Assistant with Gebze Technical
University. His research areas include demand side
management, energy forecasting and optimization,
and power quality analysis.

TUBA GÖZEL received the B.Sc. degree from
Selcuk University, Konya, Turkey, in 1994, and
the M.Sc. and Ph.D. degrees from the Gebze Insti-
tute of Technology, Kocaeli, Turkey, in 2002 and
2009, respectively. She was a Research Associate
with The University of Manchester, U.K. She is
currently a Faculty Member of Gebze Technical
University, Kocaeli. Her research interests include
power system analysis and distribution networks.

MEHMET HAKAN HOCAOĞLU received the
B.Sc. and M.Sc. degrees from Marmara Univer-
sity, Turkey, and the Ph.D. degree from the Cardiff
School of Engineering, Cardiff University, U.K.,
in 1999. From 1988 to 1993, he worked with
Gaziantep University, Turkey, as a Lecturer. Since
1999, he has been with the Electronics Engi-
neering Department, Gebze Technical University,
Turkey, where he is currently a Full Professor. His
research interests include power systems, power
quality, earthing, and renewable energy.

14896 VOLUME 9, 2021

http://dx.doi.org/10.1109/59.192959
http://dx.doi.org/10.1016/j.epsr.2008.12.007
http://dx.doi.org/10.3390/su10062018

