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Data centers consume a large amount of energy, contributing to CO3 emissions, global warming, and resulting in
significant electricity cost. To address these concerns, an increasing number of companies have considered
building green data centers. The most abundant energy resource is solar; it is now a key player in the global
energy transformation. Tidal energy has also received particular attention recently. The predictable character-
istic of the resource makes the kinetic energy of tidal current an extremely competitive power resource compared
to other commonly used renewable energies. For this purpose, a hybrid Tidal/Photovoltaic system is used for
powering an MW scale green data center on a remote island. Green data centers are mainly dependent on
renewable energies, which have intermittent nature and require a storage system capable of ensuring sustainable
energy feeding. The proposed system consists of an MW scale proton exchange membrane electrolyzer and fuel
cell. This system is associated with the LiFePO4 battery to cover the fast-electrical dynamics. In this paper, the
system modeling is presented along with an initial proposal of control and energy management system to align
the data center energy consumption with the renewable energy generated while respecting the different system
constraints. The model is implemented in Matlab/Simulink platform where the simulation results exhibit the
system performance under different operation conditions.

1. Introduction

Data centers are facilities composed of servers hosting several types
of Information Technology services (IT-services) through an internal
network or via internet access [1]. The demand growth for digital ser-
vices and computing capacity is prompting companies to move to cloud
computing. This makes them greedy for electricity consumption,
increasing the harmful environmental impact and the associated oper-
ational costs. According to [2,3], their total consumption will be be-
tween 3% and 13%, best and worst cases respectively of the global
electricity production by 2030. Therefore, it is necessary to move to-
wards a renewable energy-based solution to deal with such a consider-
able challenge. Many IT companies have announced plans to implement
green data centers, i.e., data centers partially or entirely powered by
renewable energies [4]. These data centers can either use on-site gen-
eration options or purchase electricity from the nearest renewable en-
ergy plant. For example, Google has purchased 20 years of wind energy
from the Iowa Wind Farm to power its data centers in Oklahoma [5].
Facebook has contracted to purchase over 4.0 gigawatts of solar and
wind energy to supply their facilities with 100% renewable energy in

2020 [6]. Microsoft has plunged a 450 kW data center into the sea off
Orkney to take advantage of tidal energy. The project called “Natick”
has been deployed at the European Marine Energy centre (EMEC) [7].
However, reliability and performance are major challenges for data
centers when it comes to implementing green computing to meet con-
sumers’ needs. Many studies have considered these issues [4,8,9]. In [4],
Goiri et al. have designed Parasol, a prototype of a data center powered
by green energy that is dedicated to managing the energy demand of
workloads, several energy sources (solar and grid), and batteries. The
grid was used as a storage device in which the excess energy is saved for
later use (Net Metering). Batteries were only discharged when a power
failure occurs. The authors have defined a system for planning workload
execution and selecting the renewable source to be used, taking into
account renewable energy availability, energy demand, and grid energy
prices. Recent work in [2] has developed an approach to managing a
small data center powered by photovoltaic (PV) panels and connected to
the grid. Grange et al. have considered two separate management sys-
tems, the first and most relevant to the considered case study is the
electrical infrastructure management (energy sources, energy storage,
and energy distribution elements). It aims to maximize the use of
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Fig. 1. Hybrid system architecture.

available renewable energies when providing a certain amount of
electricity.

Although the above research has considered the energy management
in data centers powered by renewable sources, it focused on IT-load
scheduling and did not include the modeling of the different electrical
subsystems of the microgrid. Besides, the considered data centers are
connected to the grid and are based on a single source. Island microgrids
can be cost-effective for data centers and provide better power quality in
remote areas where the power transmission via cables is either expen-
sive or unfeasible. Furthermore, data centers would not be subject to
fluctuations in utility prices and outages which may occur due to
disruptive events such as under or over voltage [10]. Due to the inter-
mittent nature of renewable energy, hybrid power systems are proven to
be an effective solution for ensuring the reliability of the power supply
electricity in remote areas [11]. Wind and solar are the most mature
technologies contributing to the electrical energy generation through
their integration in a microgrid [12-14]. In 2017, renewable energy
capacity in the world had attained 2180 GW, including 390 GW from
solar power and 500 GW from wind power [15]. Oceans are recognized
as a promising renewable resource for power generation, they cover
more than 70% of the earth [16-18]. The energy produced has several
forms, encompassing tidal energy, wave energy, thermal, and osmotic
energy. Tidal energy is significantly more attractive given the predict-
ability of currents facilitating the management and marketing of the
electricity produced, despite the resource intermittency. In France, it is
recognized as an electricity production sector that can make an impor-
tant contribution to the future energy mix [19]. Marine currents of
Brittany and Normandy provide a high energy potential. French po-
tential production is estimated to be in the range of 5 to 14 TWh/year
[20]. This technology is based on the kinetic energy exploitation of tidal
currents according to the same principle as wind turbines. Since water is
much denser than air, tidal turbines can capture more energy for a small
area with a high level of predictive accuracy (98%) [17,19]. Unlike
France, Morocco has not set up yet a center dedicated to tidal energy
exploitation. However, the large seas of the Atlantic and the Mediter-
ranean remain an opportunity to develop this technology [21]. Since the
kingdom is a country with a high level of sunlight, it has considered solar
energy production as a vehicle for modernizing its energy mix [22,23].

Following the success of the solar power plant Noor Ouarzazate with a
total capacity of 580 MW, Morocco plans to build Noor Midelt with 825
MW of solar energy by 2022, split between 300 MW of concentrated
solar power (CSP) and 525 MW of photovoltaic energy [24].

As a result, our study is focusing on a Tidal/PV hybrid system to
power an MW scale data center on a remote island. The combination of
solar and tidal power offers a trade-off between the investment costs and
space requirements associated with the green data center building, and
also help to alleviate the storage system costs. The tidal system consists
of a fixed pitch tidal turbine directly coupled to a permanent magnet
synchronous generator (PMSG) and connected to a DC link capacitor via
a controlled rectifier. Thus, eliminating a significant part of the prob-
lems associated with the gearbox use and the pitch angle mechanism.
The energy produced from solar panels and tidal turbines suffers from
daily, monthly and seasonal variations that are called intermittency.
Therefore, an energy storage system must be carefully chosen to ensure
the continuous supply of electricity to the data center. The hydrogen
system might be one of the best candidates to address the reliability issue
[25]. Hydrogen could be renewable based on the source and has clean
combustion. Unlike fossil fuels that emit greenhouse gasses, hydrogen
combustion does not form Sulphur or carbon derivatives, making it a
clean fuel [26]. Furthermore, it has a high heating value per unit of mass
[27]. The proposed system is based on a tandem fuel cell/electrolyzer
combined with battery storage to cover the fast dynamics of the system.

The main objective of the article is the modeling and simulation
while the system sizing and energy management system (EMS) optimi-
zation are the scopes of other publications [28,29]. The paper is struc-
tured as follows. The modeling of the load, the tidal turbine, the solar
panel, the hydrogen storage system, and the battery stack is detailed in
Section 2. Section 3 presents the control and energy management stra-
tegies used to balance the data center’s power consumption with energy
production. Simulation results related to the considered case study are
discussed in Section 4. Finally, in Section 5, the conclusion and future
work are presented.

2. System modeling

To minimize the operating cost and environmental footprint of the
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Table 1

Classifications of data centers scale by IT-load.
Size metric IT-load
Mini <10 kW
Small 10-150 kW
Medium 150-750 kW
Large 750-2.5 MW
Mega > 2.5 MW

data center, a hybrid green power generation system is selected to
maintain high reliability without an outage. Fig. 1 presents the archi-
tecture of the proposed data center powered by several energy sources
and storage systems. All energy sources are connected to a common DC
bus via power converters. Compared to the AC microgrids, DC micro-
grids are simpler as they are not concerned with reactive power
compensation, frequency stability, and synchronization issues [30].

Modeling is an important step in properly assessing the performance
of the hybrid system. The following subsections present the modeling of
the proposed microgrid subsystems.

Electric Power Systems Research 199 (2021) 107374
2.1. Load model

Multiple studies have been conducted to model the energy con-
sumption of data centers. Cheung et al. [31] focused on three main
energy consumers:

e Servers that are the computers executing the client’s requests;

e network equipment that establishes the communication internally
between the servers and the communication with the external
network;

e power distribution equipment that maintains and delivers electricity
to the IT equipment.

This model requires only data from the data center design and its IT
equipment specifications. The global model generated is the sum of the
equations modeling each part of the data center as shown in (1) [31].

Prrac = Pyerver, de 1 Pretwork, dc + Pist.ac (@)

Data center scale can be defined by the number of servers, the

Fig. 2. Data center power consumption during one day.

Fig. 3. Tidal turbine operating modes.
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Fig. 4. (V-I) characteristic (a) and (V-P) characteristic (b) of the TE850 module at T = 25 °C.

occupied floor space (m? or ftz), or the total power consumption (kW)
[1]. For example, data centers with IT-loads varying from 10 kW to 150
kW are called small-scale whereas those with an IT-loads between 750
kW and 2.5 MW are considered to be large-scale, as presented in Table 1
[1]. In this paper, the input data were collected from the small-scale data
center of the University of Technology of Belford-Montbéliard (UTBM)
at 1-min intervals over one year [32]. An hourly average was carried out
to reduce the number of variables as well as the computational time. The
data center has a maximum IT-load of 60 kW and it can host up to 200
servers with a surface area of approximately 1506 ft* (~ 140 m?) [33].
The modeling and energy management of hybrid systems is significant,
especially to large-scale industries. Therefore, we scaled up the data
center by a factor of 27, which requires an area of about 40,662 ft? (=
3778 m?) [34]. The maximum load of the considered data center is 1.62
MW. The power use varies between roughly 1 MW and 1.4 MW, as
shown in Fig. 2.

2.2. Tidal turbine system model

The considered tidal turbine is a fixed-pitch direct-drive permanent
magnet synchronous generator, with a rating of 1.5 MW. This topology
has been selected to avoid the repeated outages and maintenance of the
gearbox. Two power electronics converters have been integrated to
assure the maximum utilization of the tidal energy besides the secure
and safe interaction with the load (e.g. voltage and frequency con-
straints). The first converter is the machine side converter that is
controlled to extract the maximum power when the turbine runs under
the rated speed. When the turbine runs above the rated speed, the
converter is controlled to limit the power at the rated value for pro-
tecting the system from overload and overvoltage. Fig. 3 exhibits the
different operating modes of the considered turbine. The Ig4 is the p-q
axes components of the generator current, Iqmayx is the maximum limit of
the g-axis current component, Igrw is the p-axis component of the flux
weakening current and Iqyaxt/a is the D-axis component of the maximum
torque/amp current. The load side converter is controlled to supply an
AC voltage with a fixed root mean square value of voltage and a fixed
frequency on the load terminals. The detailed energetic macroscopic

representation, modeling, and control of the tidal turbine, as well as the
complete system parameters, have been presented in our previous work
[17]. The power generated by the tidal turbine is given by (2).

1
P =2 pAVC, @

where: p,A,v and C, represent the fluid density (1027 kg/m>), the tur-
bine swept area (nRz), the marine current speed (m/s), and the turbine
power coefficient (which is generally situated between 0.35 and 0.5 for
tidal turbines), respectively [19]. C, defines the fraction of power that
can be extracted from a tidal turbine. In this study, C, is considered to be
equal to 0.45.

2.3. Solar panel model

To simulate the photovoltaic cell characteristics, equivalent circuits
are used. The single diode model introduced by Alvarez-Mendoza et al.
[35] is retained for its simplicity and effectiveness.

The equation connecting the current Ipy delivered by a PV panel
(module composed of n; cells in series and n, in parallel) and the voltage
Vpy is expressed by (3).

Vey + IPVR.y> _ 1} -~ Vpv + Ipy Ry

Ipy = Iy — 1 3
=t =olen(; ®

where: Iy, Ip, n, Ry and Ry, stand for the photocurrent, the diode satu-
ration current, the diode ideality factor (n = 1.2), the series resistance,
and the shunt resistance, respectively. Vr is the diode thermal voltage
and it is given by (4).
KTy,

q

VT = (4)

where: Ty, k and q denote the module temperature (k), the Boltzmann
constant (k = 1.38 x 10723 Jek ~ 1), and the electron elementary charge
(g =1.602 x 10_19C), respectively.

The photovoltaic array model can be deduced from the solar model
expressed above. More details can be found in [36]. In our study, we
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Table 2

Electrical characteristics of the TE850 module.
Symbol Parameter Value
Puypp Nominal power 90 (W)
Vupp Voltage at max. power 18,1 (V)
Typp Current at max. power 5 (A)
Voc Open circuit voltage 22,2 (V)
Ioc Short circuit current 5,3 (A)

consider the TE850 module (36 cells per module) since its datasheet
details are available in [36]. The (V-I) and (V-P) characteristics of this
module, under different values of solar irradiance, are shown in Fig. 4,
respectively. Its characteristics are summarized in Table 2. The case
study is a photovoltaic array composed of 29 modules in series and 327
modules in parallel, in order to produce a maximum power of 500 kW
under a DC voltage equal to 500 V and a total current equal to 1000 A.

Our goal is to deliver the highest possible power to the load by
making the PV generator work at its maximum power point MPPT. The
detailed energetic macroscopic representation of the PV source has been
presented in [37,38].

Electric Power Systems Research 199 (2021) 107374
2.4. Hydrogen energy storage system

The hydrogen system is selected due to its multiple advantages (large
storage capacity (TWh), long-period charge/discharge cycle, in the
range of days). The considered hydrogen energy storage system consists
of an MW scale proton exchange membrane water electrolyzer (PEMWE)
and fuel cell (PEMFC). The electrolyzer produces hydrogen at 30 bar to
be stored on a tank of the same pressure level to be used directly by the
fuel cell (no hydrogen transmission). Consequently, the proposed system
does not consider a hydrogen compression system whereas a pressure
regulator is required to step down the hydrogen pressure to the level of
five bar as an input pressure of the fuel cell. The MW scale electrolyzer
and fuel cell systems consist of six stacks of 250 kW/stack. Figs. 5 and 6
show the main characteristics of the electrolyzer and the fuel cell stacks.
The electric models of the electrolyzer and fuel cell are described below.

2.4.1. Electrolyzer model
The cell voltage response of the electrolyzer is given by (5) [39-41].

Veer = Enemst + Vaer + Vonm + Veon )

where: Epems is the equilibrium voltage, which represents the electro-
motive force required for hydrogen production. It can be calculated due

Fig. 5. Characteristics of 250 kW electrolyzer stack.

Fig. 6. Characteristics of 250 kW fuel cell stack.
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to (6) and (7).

RT  (Pu,Py]
Enern\ = Ere' Y7 —
st s+ oF ln( Pu,o ©
AG
B =52 = Vaa = 0.0009 (T~ Ty) @)

where: Es is the thermodynamic voltage at standard conditions
(T=25 °C and P = 1 bar), R is the universal gas constant (8.3144
JeK lemol ™), T is the stack temperature. Py,, Po, and Py, denote the
concentrations of hydrogen, oxygen, and water respectively. AG,
Vi and Ty denote the change in molar Gibbs free energy (J omolfl), the
cell voltage, and the temperature at standard conditions (Vyq= 1.23 V).
Ve is the activation overvoltage, which is the required potential to
start the electrochemical reaction to separate the water molecule (H30)
into hydrogen and oxygen atoms. It can be estimated based on (8).

RT R IEL RT - IEL
Vaer = sinh ™! sinh™' | -—— 8
! 2FaA s (ZAacziOA) * 2FaC o (ZAucliOC> ( )

where: aa, ac are the anode and cathode charge transfer coefficients,
respectively. iga, ioc are their exchange current densities (Aecm™2), I is
the electrolyzer current and A, is the cell active area (cm?).

Vonm is the ohmic overvoltage, which reflects the cell voltage loss due
to the cell components’ resistance to the electron and proton flow. This
potential is determined by considering only the electrolyte due to (9).

Vi = Li ©
(o2

where: y, 0, and i represent the membrane thickness (um), the protonic
conductivity (S/cm) and the electric current density (Aocm’z),
respectively.

Finally, V.o, is the concentration overvoltage, which refers to the
electrical current transfer limitation due to the concentration of the
gasses generated at the membrane electrode assembly (MEA). It can be
expressed as follows:

RT Co,me RT Chyme
Vin = = 222 AL 10
4F "<c020)+2F "<CH20> an

where: Co,me, Cr,me Tepresent the oxygen and hydrogen concentrations
at the membrane and Co,o, Cn,0 represent the oxygen and hydrogen
concentrations at the reference conditions respectively.

The PEM electrolyzer stack voltage is calculated by multiplying the
cell voltage Vg by the number of cells in series Ng; as shown in (11).
The hydrogen production rate depends mainly on the operating current
(I, and it is given by (12) [26,40,41].

Ver = NeLVeen an
1
Hy, = nF%NEL = nNg, 12)

where ny, is the hydrogen molar flow (ne, mol/s).

2.4.2. Fuel cell model

When the microgrid suffers from an energy shortage, the hydrogen
stored in the tanks is transferred to the fuel cells to convert its chemical
energy into electricity. The modeling of the fuel cell is considered similar
to that of the electrolyzer. However, Vi, Vorm and Ve, must be
reviewed [40,42,43]. The output voltage of a PEMFC elementary cell
(Ucen) is given by (13) [42].

{ UC('II = Enemst - Uact - Uuhm - Ucun (13)

Urc = NrcUcen

where: Ugc is the PEMFC stack voltage, Ng¢ is the number of cells in
series. Uy, Uonm and Uy, denote the activation overvoltage, the ohmic

Electric Power Systems Research 199 (2021) 107374

Fig. 7. Electrical model of the fuel cell.

overvoltage, and the concentration overvoltage, respectively. According
to [44], these parameters can be expressed as follows: [42]

RT 1
Enemsz = Eref + ﬁ |:ln(PH3) + Eln(POZ ):|

RT I
Vaer = ~—In re
2Fa \Sudo

RT Irc
A
2F "( Se M)

Vom = Rowmlrc

14

where: Irc is the current of an elementary cell (A), S is the active area
of the membrane, Jy and Jmq, are the exchange current density and the
maximum current density, respectively. Finally, R,p, is the ohmic
resistance, which is a function of the equivalent membrane impedance
Rimem and the contact resistance R¢ between the different stack layers as
shown in (15).

Ropm = Ripem + Rc (15)

The electrical model representing the dynamic behavior of the fuel
cells is shown in Fig. 7 [44]. The detailed energetic macroscopic rep-
resentation, modeling, and control of the hydrogen energy storage sys-
tem have been presented in our previous work [26,45,46]. The
electrolyzer and the fuel cell systems have dynamic responses and
characteristics (in our case, the ramp from zero to full load in five mi-
nutes) that must be respected for avoiding degradation and aging [26,
40,45,46]. Hence, an auxiliary energy storage system must be
integrated.

2.5. Battery stack

As mentioned above, the battery covers the fast dynamics of the
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Fig. 8. LiFePO, battery cell model.

difference between the generated and the consumed powers. It has been
modeled using the first-order Thevenin model, which reproduces the
battery’s behavior through electrical circuits. This model is composed of
a voltage source Vpcy, a resistance R; in series and an RC group as shown
in Fig. 8 [47,48]. The Shepherd model can be expressed by (16) and
7).

E—F —Kk—2 ﬁ%iﬂﬁo (16)

Q- [id
V,=E—Rii a7

where: E, Ey, V;, i and Q are the open-circuit voltage (V), the electro-
motive force (V), the battery terminal voltage (V), the battery current
(A), and the battery cell capacity (Aeh). K, A, and B are the Shepherd
model parameters and have been presented in [48].

The battery stack has been sized based on the procedure described in
[49] that filters the power based on a specific time constant. The filter
time constant represents the dynamic performance of the electrolyzer
and the fuel cell recommended by the manufactures. The data center has
a very fluctuating load profile as shown in Fig. 2. Thus, the battery stack
must cover the power of 500 kW. The stack parameters have been
estimated based on the 250 kW/500 kWh stack model presented in [50].
The stack has 13 parallel-connected strings of 168 cells in series
(capsulated in series modules) to have a 500 kW/1000 kWh stack size.
The LiFePO4 battery is selected due to its dynamic response and the best
advantages of power and energy densities compared to the other types
[40]. The global energetic macroscopic representation of the whole
system has been synthesized and presented in [26,40].

3. Energy management system

The power consumption in cloud data centers is different from that of
residential loads, it is characterized by fast dynamic fluctuations which
make its management a great challenge. The proposed energy man-
agement system consists of two layers; the first is the energy balance
algorithm and the second is the low-level control. The energy manage-
ment algorithms vary from simple rules “if-else” to complex multi-
criteria optimization, including several technical-economic and envi-
ronmental parameters [51]. In this paper, a filtration-based controller
(FBC) has been used. The aim is to share the net power between various
storage devices through a low-pass filter, as they have different dynamic
characteristics as shown in Fig. 9 [49]. This method has the advantage of
being simple and cost-effective. Furthermore, only a limited number of
settings are required, such as the filter cut-off frequency f. and the
storage systems’ charge and discharge limits [44,52]. The energy bal-
ance strategy estimates the operating points of the electrolyzer and the
fuel cell (PgL, Pgc respectively) as shown in Fig. 10. Moreover, it gua-
rantees the safe operation of the electrolyzer, the fuel cell, and the
battery. The safe operation of the electrolyzer and the fuel cell repre-
sents the dynamic response recommended by the manufacturers (as
aforementioned, five minutes ramp up from zero to full load) [26,40,45,
46]. Thus, a power filter with this specific time constant estimates the
operating point (reference power) of the electrolyzer and the fuel cell.
The simultaneous operation of the electrolyzer and the fuel cell repre-
sents the electricity-to-electricity round trip of the energy storage sys-
tem. Otherwise, the stored hydrogen handling during the simultaneous
operation sometimes exposes security constraints. Hence, the energy
management strategy prohibits this mode of operation [40]. When the

Fig. 9. Frequency diagram of some energy storage systems.
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Fig. 10. Energy balance strategy.

Fig. 11. Low-level control loops (Dx is the duty cycle of converter x).

generated power (Pg, tidal turbine, and photovoltaic) is higher than the
consumed power (Pp), the electrolyzer is switched on to produce
hydrogen. While the energy balance strategy turns the fuel cell on to
compensate for the power shortage between the generation and the
consumption using the stored hydrogen that has been produced during
the energy welfare. The battery safe operation represents the state of
charge (SoC) limits recommended by the manufacturer (depending on
the battery technology and type) for avoiding overcharging and under
discharging. Indeed, the recommendation is that the SoC should be be-
tween 25 and 90%. To ensure that we have sufficient energy to operate
auxiliary equipment such as sensors, displays, and programmable logic
controllers (PLCs), we have set the minimum limit at 40%, where the
additional 15% represents the safety stock. Thus, the assumed SoC limits
in the proposed case study are 90 and 40% respectively. The reference
powers of the electrolyzer and the fuel cell are represented in the
low-level control loops as current setpoints (Igy, ref, Irc ref respectively)

assuming a fixed DC link voltage (Vpc). Consequently, their DC-DC
power electronics converters are controlled as current-controlled sour-
ces as shown in Fig. 11. The energy balance and the safe operation of the
proposed microgrid, shown in Fig. 1, requires a stable DC link voltage.
The battery covers the fast-dynamic component of the power difference
by controlling its power electronics converter as a voltage-controlled
source with a low-level dual control loop as shown in Fig. 11.

4. Case study

This work aims to implement a standalone renewable energy-based
system that can provide continuous power to the green data center on
a remote island. In order to evaluate the performance of the proposed
energy management strategy, simulations have been conducted in
Matlab/Simulink. Real data of the Alderney Race tidal current speed
[53] and Cherbourg solar radiation have been used to test the system
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Fig. 12. Daily tidal speed profile of the Alderney Race marine site.

Fig. 13. Cherbourg daily solar radiation.

Fig. 14. Power profiles of the hybrid green data center microgrid.
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Fig. 15. Battery output power.

Fig. 16. State of Charge of the battery (SoC).

Fig. 17. DC Link voltage.

model as shown in Figs. 12 and 13, respectively. Since 15 September was sampled in 15 min to have 94 samples/day. The system power curve
2005 presents the day where the highest tide occurs according to the obtained by the management strategy is given in Figs. 14 and 15. The
measurement [40], it has been selected as a case study. The studied day maximum power generated by PV panels changes according to the solar

10
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Fig. 18. Hydrogen volume at the storage tank.

radiation profile presented in Fig. 13, while the tidal turbine maximum
power changes according to the tidal current speed. From the analysis of
Figs. 14 and 15, it can be seen that the priority is given to the renewable
sources while the storage systems are used as a backup. When the power
generated exceeds the data center demand, the battery covers the sys-
tem’s fast dynamics if its SoC is below the maximum while the elec-
trolyzer is used to produce hydrogen (Hj) from the excess energy up to
its rated power. When the power generated is less than the data center
demand, the battery smooths the fast dynamics if its SoC allows dis-
charging while the fuel cell compensates for the unbalanced power using
the hydrogen stored in the tanks. Fig. 16 shows the battery SoC, it can be
observed that the proposed management strategy is designed in such a
way as to keep the SoC within its defined range (within 40-90%). Be-
sides, the SoC never reaches either its minimum or maximum limit.
Fig. 17 illustrates the DC link voltage profile that is well regulated at
1500 V with a maximum variation of about 1%, due to demand and
supply variation. The balance between the generation and consumption
ensures this stabilization with the assistance of the battery side con-
verter control. The pressure level of the storage tank at 100% state of
charge (65 kg/day) is 30 bar. Fig. 18 shows the level of hydrogen (LoH)
stored in the tanks. We can notice that the hydrogen volume decreases
until the tank is empty at the end of the day, which means that the power
generated by the PV panels and the tidal turbine is insufficient to supply
the load for the following days (lack of sunshine or weak tidal currents).
Thus, the optimal sizing of the system is mandatory to guarantee a
reliable and continuous energy feeding to the load at a minimum cost for
ensuring a more cost-effective installation [28,29,54-57]. Also,

Power-to-Gas (P2G) is a promising technology in which excess energy is
converted to gas through the electrolyzer [58].

5. Sensitivity analysis

The results of the daily profile that have been presented in the pre-
vious section are not sufficient to assess the flexibility and the effec-
tiveness of the proposed model and the EMS. Consequently, the model
with its EMS must be simulated under different operating conditions. As
the computational cost of the annual profiles is very high to be afforded
by the laboratory machines, a sensitivity analysis is carried out to study
the impact of input data on the performance of the system under
consideration, in particular the evolution of the battery state of charge
and the level of hydrogen stored in the tanks.

To this end, the annual profiles of tidal speed, solar radiation, and the
data center power consumption have been used. The different profiles
have been clustered and regrouped into daily profiles that simulate
different case studies. The solar radiation has been represented by two
daily profiles; winter day (weak solar radiation) and summer day (strong
solar radiation). The annual tidal speed profile has been analyzed based
on the frequency of repetition (FoR) algorithm considering the studied
tidal turbine characteristics of 1, 2,5, and 3,2 m/s as cut-in, rated, and
cut-out speeds respectively, as shown in Fig. 3. The available data of the
considered marine site (Alderney Race) has been reshaped into a matrix
of 365 columns, each one has 96 values of 15 min samples as a daily
profile. The reshaped matrix (365x96) has been regrouped into clusters
of repeated daily speed profiles with a certain limit of tolerance as

Fig. 19. Speed profile with its limit projections.
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Fig. 20. Frequency of Repetition (FoR) of each speed profile.

Fig. 21. Speed profiles in the Winter case study.

Fig. 22. Speed profiles in the summer case study.
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Fig. 23. Winter and Summer solar radiation case studies.

Fig. 24. Battery SoC in the Winter case study.

shown in Fig. 19. The selected speed tolerance is 1 m/s as a compromise
between the computation cost and the data clustering accuracy. The
speed matrix has been debugged by an M-File /MATLAB code of the
proposed FoR clustering algorithm. The code provides 66 daily profiles
representing the annual data. The most frequently repeated daily pro-
files (> 10 times) have been selected to simulate the proposed model.
Thus, 14 daily profiles with the highest FoR (representing 234 days of
the considered annual data), as shown in Fig. 20, have been regrouped
into the two case studies; 7 profiles with the winter case study and 7
profiles with the summer case study (Figs. 21-23). The proposed model
(with its EMS) has been launched 14 times simulating the two case
studies that provide the results presented in the following paragraphs.
Figs. 24 and 25 show the battery state of charge for the 14 scenarios
in the winter and summer case studies, respectively, where “Sc” stands
for scenario. The solar radiation and the speed of tidal current have a
direct effect on the battery SoC. During the winter, the SoC ranges be-
tween 40 and 60% for scenarios 2,3,5, and 7, while it does not even
reach 55% for the other ones. This is explained by the difference in the
tides’ average speed, under the same solar radiation profile. As for the
summer, the average SoC of the battery remains between 60 and 75%.
Since the city of Cherbourg is known for its rainy climate and low
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sunlight in winter, the battery discharges more energy during this period
than in summer. However, in both cases, the SoC remains within the two
upper and lower limits previously specified (between 40 and 90%). This
shows that the proposed power management strategy is efficient, pro-
tecting the battery from premature aging and keeping a 15% back-up all
day long.

Figs. 26 and 27 illustrate the amount of hydrogen stored in tanks in
the considered 14 scenarios. In most cases, the hybrid system requires
more hydrogen in the winter than in the summer to fulfill the data
center’s needs throughout the day. A significant difference in the
amount of hydrogen required at the beginning of each day in the sum-
mer season is observed for the same reason mentioned above (disparity
in the tidal currents average speed). Indeed, the mean velocity for the
first three scenarios is 2,31, 2,25 and 2,15 m/s respectively, while for the
last four scenarios it is 1,59, 1,84, 1,21 and 1,98 m/s. Over the 7 winter
scenarios, the average amount of hydrogen needed is 59.7 m>, almost
twice the amount consumed in the reference case study with the highest
tide. As for the consumption during summer, it is 41.46 m>, i.e. 133% of
the reference case.

Since the considered profiles represent 234 days of the annual data
available, the energy management strategy adopted can give us an idea
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Fig. 25. Battery SoC in the Summer case study.

Fig. 26. Level of Hydrogen in the Winter case study.

of the hydrogen volume required by the data center, at a defined pres-
sure (30 bar in our case), to ensure its operation throughout the year.
This information can be used as an input for the sizing optimization
program to increase the convergence speed and reduce computing time.
Moreover, this EMS can be applied to any data center type with different
solar radiation and tidal current speed profiles.

6. Conclusion

In this paper, using energetic macroscopic representation, the
modeling and the energy management of a hybrid isolated Tidal/PV
system to feed an MW scale data center have been developed. Due to the
available energy sources’ intermittent nature, hydrogen and battery
have been selected as a combined energy storage system. The first is
responsible for the system’s slow dynamics whereas the second is
responsible for smoothing the system’s fast dynamics. The model has
been implemented in Matlab/Simulink to evaluate its performance
under different operating conditions. It can be used for different
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applications, such as grid-connected, standalone, etc. The main objec-
tive of this model is to determine the behavior of a data center powered
by renewable energies, particularly, its performance and the storage
type that is suitable for it.

Through the analysis of the results, it is found that the battery SoC
was maintained within its defined range. However, the hydrogen vol-
ume stored in the tanks was not sufficient to supply the load due to the
considered daily profiles as a case study. Many requirements are
necessary to have a safe operation of the system. Firstly, the storage
system must operate within its defined limits. Secondly, the system must
comply with the operating recommendations defined by the manufac-
turer of each component. Finally, sustainable energy feeding must be
guaranteed. For this purpose and as a future work proposal, an opti-
mization of the different subsystems sizing as well as the energy man-
agement system must be carried out, considering the cost and the
lifespan. Moreover, the surplus energy can be sold either in P2G mode or
as electricity to the main grid. In addition, and based on the data center
dynamics, the possibility of sharing power between batteries and
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Fig. 27. Level of Hydrogen in the Summer case study.

another storage system such as supercapacitors for improving the system
performance might be studied.

This study affirms that supplying data centers with renewable re-
sources is feasible provided that the system is properly sized and it is
worthwhile to take advantage of the energy that can be extracted from
tidal currents and solar irradiation.
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