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Abstract

During the last years, the number of research and development (R&D) projects regarding
renewable energy sources (RES) increased. This caused an increase of the penetration of
power generated from RES into the grid. In electrical systems, a microgrid (uG) coupled
with RES can lead to significant economic and environmental benefits. However, it is nec-
essary the compensation of all the problems due to the intermittent nature of RES. The
major problems of these microgrids are caused mainly by an unpredictable generation from
RES as a consequence of weather conditions. Furthermore, additional variability is due to
the consumption load.

This thesis proposes a hybrid microgrid (HuG) model with distributed generators and
an energy storage system. A control strategy is proposed as well. The HuG presented
is constituted by three distributed generator units (DGU), these are: (i) a photovoltaic
system, (%) a wind turbine and (%i7) a PEM fuel cell system. Furthermore, an alkaline
electrolyzer is proposed to produce hydrogen and a hydrogen tank is presented as an energy
storage system. The main objectives of this work are: (i) proposing a dynamic model for
each component of the HuG and (i) providing a strategy to reduce the power absorption
from the grid under weather conditions good enough.

The photovoltaic system presented may operate tracking its maximum power point
(MPP), while the wind turbine operates between its cut-on and cut-off speed. Both sys-
tems follow environmental conditions in order to be disconnected from the grid in periods
with low wind and solar irradiation. When the power supplied from DGU is larger than
the sum of the loads, demand and electrolyzer, it could be possible to charge the energy
storage system (hydrogen tank) or to exchange power to the grid. In the same way, in poor
environmental conditions, the power demand could be met by the power of the fuel cell,
reducing the grid absorption.

The effectiveness of the alkaline electrolyzer and PEM fuel cell models is demonstrated.
Measured data of a hydrogen system obtained from a precedent work in a laboratory are
used to validate the models. In the hydrogen storage system, the state of charge is adjusted
with an adaptive scheme. Furthermore, supervisory power control is designed to reduce



power exchange and to improve the system stability.

Finally, three cases were studied considering different summer load profiles measured
in two days in an electrical substation of Politecnico di Torino. They present static and
variable loads with the purpose to demand the highest performance of the system. Results
demonstrated the advantages of a system with hydrogen as a medium to green energy
produced by photovoltaic and wind systems, in order to reduce the power absorbed from
the grid.

Keywords
Hybrid microgrid, Simulink model, Renewable energy sources, Alkaline electrolyzer, PEM
fuel cell, Hydrogen storage tank, Control strategy.
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Chapter 1

Introduction

During the last years, the number of research and development (R& D) projects regarding
renewable energy sources (RES) increased. These projects are largely driven by govern-
ment regulations. Thus, the increase of RES has attracted special attention over the world
about new strategies to improve the operation and stability of energy systems, reducing
the dependency of fossil fuels, or in a different point of view, reducing the emission of
greenhouse gases [1]. However, the intermittent RES presents a risk to satisfy successfully
the power demand. Therefore, the integration of energy storage systems (ESS) to the RES
is a challenge in order to ensure the normal operation of the systems [2].

One way to overcome this challenge is the introduction of powerful new technologies as
mediums to storage energy, i.e, hydrogen tanks. Hydrogen can deliver about three times
more specific energy than its same weight of oil. Thus, it is often called the energy carrier
of the future and it is a promising way to store energy from RES, whether solar or wind
energy. [3]. Nevertheless, this requires developing high performing and robust models con-
sidering the possibility to be integrated with hydrogen. These models are called hybrid
microgrids (HuG) .

The structure to consider could be composed by a whole Hy energy system, which
employs mainly fuel cells, electrolyzers and hydrogen tanks. Therefore, to present these
new hybrid systems as a potential solution, two improvements have to be considering: ()
improvements in storage strategies to manage the surplus of energy associated with RES,
whether with PV or wind turbine generators. (7i) strategies of energy management, in
order to drive the power flow calculation of hydrogen systems integrated to uGs [1].

Although the power generation of energy has been historically based on a wide range

'"Hybrid microgrids incorporate renewable energy sources, often as an add-on to diesel generator-based
system [4]
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of technologies, being the most commons fossil fuels, nuclear fuels, and hydropower sys-
tems. The constant searching for economic and industrial developments and, at the same
time, the need to preserve the environment lead the current effort to replace the power
produced from conventional sources to another one with a low environmental impact, meet-
ing in this way the world agreements and treaties of climate and environmental change. [5].

Nowadays, several hydrogen energy projects around the world demonstrate the advan-
tages of this technology as a storage medium. The performed studies suggest that wind
energy and photovoltaic systems can be successfully stored into hydrogen tanks in appli-
cations like grid-connected or stand-alone. Where there is an excess of green power, it is
converted into Hy through an electrolyzer and stored into a hydrogen vessel to be used
later. Moreover, a PEM fuel cell produces clean energy when there are poor weather con-
ditions.

To emulate the behavior of the system, it is implemented a control strategy to manage
the energy flow. The goal is to satisfy the grid requirements maximizing its benefit, op-
timizing the operation of each component of the system. Then, this thesis proposes (i) a
control strategy for the HuG and (ii) integration of a hydrogen tank as storage medium.
This work is based on the following systematic approach:

1. Modeling the dynamic of each component of the HuG.

2. Validating the PEM fuel cell model and alkaline electrolyzer model using experimen-

tal data.

Proposing a HuG model.

4. Implementing a control strategy for the power flow in order to operate correctly the
hydrogen system.

@

Finally, the chapters are organized as follows: Chapter (1) introduces the HuG. Chap-
ter (2) presents a dynamic model for each component of the system: PV system, wind
turbine generator, alkaline eltrolyzer, PEM fuel cell and hydrogen tank. Chapter (3) shows
a detailed description of the whole system and, it presents the validation for alkaline elec-
trolyzer and PEM fuel cell models using experimental data. Chapter (4 ) proposes a control
strategy to the system and, it shows the Matlab-Simulink (R2016a) models implemented.
And Chapter (5) presents the simulation results under different cases of study.



Chapter 2

Modeling a Hybrid Microgrid

2.1 Introduction

Microgrids are now emerging from laboratory benches and pilot demonstration sites into
commercial markets [6]. A microgrid is a group of interconnected loads and distributed en-
ergy resources within clearly defined electrical boundaries that acts as a single controllable
entity with respect to the grid. It is comprising of distributed power generators and loads
(DPG). In the last few years, the introduction of new technologies as renewable energies
or unconventional ways to store energy suggests the term of HuG. A HuG is a uG that
combine RES with gas generator sets and energy storage capability can deliver clean, cost-
effective electricity to remote locations with limited or no access to reliable utility power
[7]. The HuG can connect and disconnect from the grid to enable it to operate in both
grid-connected or island mode [8].

The HuG presented in this thesis is formed by a collection of different distributed gen-
eration units (DGU) and a ESS. The power from distributed generation is composed by;
(7) a photovoltaic system (PV), (#) wind turbine generators (WT), and a (i) (PEM)
fuel cell (FC'). The ESS consists basically in a hydrogen storage tank (HST) coupled with
an alkaline electroyzer (ELY'). The ESS subsystem is connected to the load side and it is
assumed to have enough capacity respect to the load, to store the surplus of power pro-
duced by PV and WT [9].

A general model of hydrogen storage system is integrated to manage the production
and consumption of energy from the electrolyzer and the PEM fuel cell respectively. The
electrolyzer is used to absorb rapidly the output power from RES, i.e. WT and PV systems
and generates hydrogen as fuels for fuel cells. [9], [10].

The schematic diagram of the HuG is presented in Figure 2.1 [11]. The sum of the
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power demand Ppemand and electrolyzer power Pgrry is equal to the sum of the output
power generated by turbine generators Py, photovoltaic generators Ppy and, PEM fuel
cells Prc. Equation (2.1) represents the power supplied to the load. [10].

PV System

Alkaline Electrolyzer

Wind Turbine
System

Figure 2.1: Schematic diagram of HuG.

Prowd = Pwr + Ppv + Prc — Pery (2.1)

In the follow sections is presented a general description of the technical specifications
for each component of the HuG. Furthermore, the sections describe the models used to
simulate the components of the HuG. Fach physical component is modeled as a part of a
modular system of Simulink. The models are presented in following order:
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PV system model.

WT system model.
Alkaline electrolyzer.
PEM fuel cell.
Hydrogen storage tank.

Ork Wb

2.2 Photovoltaic system

The PV system is composed by: (i) PV array, (ii) DC-DC boost converter with max-
imum power point tracker (using incremental conductance technique), (ii7) three phases
VSC, and (iv) a capacitor bank, as shown in Figure 2.2.

~ s
POWER

PV 1 DC-DC 1 3 PHASE l CAPACITOR
ARRAY CONVERTER vsCc | BANK |

s W PV ACTIVE

Figure 2.2: PV system.

The PV array delivers a maximum of 23 kW at 1000 W/m? sun irradiance. The boost
converter increases the voltage from PV natural voltage 116 V DC at maximum power) to
625 V DC and, with the MPPT controller, the system detects automatically the correct
duty cycle in order to extract the maximum power from the panel [12].

The VSC converts the 625 V DC link voltage to 380 V AC and keeps unity power
factor. The VSC control system uses two control loops: (%) an external control loop which
regulates DC' link voltage to +/- 116 V DC and (4) an internal control loop which regu-
lates Iy and I, grid currents (active and reactive current components). I current reference
is the output of the DC' voltage external controller. I, current reference is set to zero in
order to maintain unity power factor. V; and V; voltage outputs of the current controller
are converted to three modulating signals Ugpe—ref used by the PWM generator. Finally,
the capacitor bank filters the harmonics produced by VSC.

The parameters of the PV array are summarized in Table 2.1.
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Table 2.1: Parameters of PV

H PV array ‘ Value ‘ Unit H

Array power 23 kW

Cells per module 60 -

Open circuit voltage per module 36.3 A%
Short circuit current per module 7.8 A

Series strings 4 -

Parallel strings 27 -

Voltage at MPP 29 Vv

Current at MPP 7.35 A
Maximun power per module at MPP | 213.15 \WY%
Maximun power per array at MPP 23.02 kW

2.3 Modeling PV System

PV generators are renewable source-based generators which provide as output a DC' cur-
rent and voltage [13]. In a photovoltaic system, the most visible part of the system are the
PV panels. Usually, PV systems are composed by arrays and electric converters, where
arrays are formed by series-parallel combination of solar modules and converters can be
DC-DC or DC-AC. The efficiency is low compared to other conventional sources. The
performance of a photovoltaic module is mostly affected by array configuration, irradiance,
and module temperature.

PV cells convert solar energy into electric energy, based on the photovoltaic effect.
[14]. Modeling cells and panels of a PV module allows understanding its operation under
different conditions. Technologies such as cristalline silicon; (7) monocrystalline (m-Si) or
(#) pollycristallyne (p-mi), thin-film; (¢i7) amorphous silicon, (i) copper indium-gallium
diselenide (CI-GS) or (v) cadmiun telluride (CdTe) exist in the market [14]. However,
crystalline silicon are still the most widely used material for manufacturing PV cells, while
crystalline S7 technologies are the most commonly employed for grid-connected applica-
tions.

2.3.1 Construction and structure

The solar cell is composed of two layers of semiconductor material. These materials are
doped differently [15]. The photovoltaic cell is a P-N junction which is very similar to that
of the classical diode with a P-N junction and is formed by the semiconductor material.
The structure of a simplified silicon solar cell is shown in Figure 2.3. The upper side of the
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electrode is made with silicon embedded metal elements to avoid obstruction of direct solar
irradiation. The size and shape of the solar cell are designed to maximize the absorption
of the surface and reduce the losses caused by contact resistance. The solar cell behaves
as a P-N junction diode in the absence of solar irradiation [15].

Figure 2.3: Solar cell structure.

2.3.2 Operation

As mentioned above, the production of power from solar cells depends on solar energy
and the irradiation. With an incident light on the P-N junction of the two semiconductor
materials, a DC electricity generation process occurs inside the photovoltaic cell as conse-
quence of electron-hole pair [15].

During the absorption process of the light, the energy of the absorbed photon is trans-
ferred to the electron-proton system of the material, creating charge carriers that are
separated at the junction. While absorbing solar irradiation, the P-N junction generates
charge carriers which create a potential gradient, get accelerated under the electric field
and circulate as the current through an external circuit.

This current is known as the photocurrent or current generated by the incident light
I, and its magnitude depends upon the intensity of solar irradiation and the type of semi-
conductor material. [15].

Then, if a load is connected to the terminal of the solar cell, the excesses of charge flow
through the load. This causes to the charge carriers to flow across the external circuit,
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helping to build potential difference across the junction. The whole phenomenon is called
photovoltaic effect [16].

2.3.3 Photovoltaic Model

A current modeling based on the Shockley and Queisser diode equation, allows to model
the output current of a PV generator. The characteristics of the solar cell are determined
by the Shockley diode equation [15]. The diode current I; is related by an exponential
relation, which is represented as in Eq. (2.2):

ID:IO.[eXp No-m-K-T. —1] (2.2)

where I is the diode reverse bias saturation current, m is the diode ideality factor, N
is the number of solar cells associated in series, K is the Boltzmann’s constant in J/K and
equals to 1.3807x10723, T, is the absolute temperature in K, V, is the voltage across the
load, and ¢ is the absolute value of the charge of an electron equals to 1.60217662210~19
C [17].

The current source and diode make up the ideal PV model, the output current of the
ideal model is expressed by (2.3):

Ipy = Iy — Ip (2.3)

where Ipy is the total output current, obtained from the superposition of I, and Ip,
writing Eq. (2.2) on Eq. (2.3).

Ipy = I — Iy -

(i)
[exp No-m-K-T. —1] (2.4)

where Eq. (2.4) represents the output current of a ideal model PV panel. As we can
see, only three parameters allows modeling the output current, i.e., m, Iy, and I, which
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is expressed in Eq. (2.5).

In=q-N-A (2.5)

where N is the number of photons in em?/s and A is the area of the semiconductor

surface in m?2.

2.3.4 Considering the losses

Enhancing the current model means including the fundamental mechanism of loss in a
solar cell. There are different non-ideal resistive components to be considered. The first
mechanism is related to current flowing through the electrodes and silicon material through
a resistance.

These losses can be represented as a resistance in series connection, Rs. After incorpo-
rating the series resistance, the output current of Eq. (2.4) is expressed as Eq. (2.6) which
does not take into account the temperature variations.

<q~(V+I-RS)>
Ny-m-K-T,
IPV = Iph — Io . [exp s ¢ 1] (2.6)

Other mechanism corresponds to one resistance to the P-N junction leakage current
which can be represented by a parallel resistance, R, also called shunt resistance. There-
fore, it is possible represents the equivalent circuit considering series and parallel resistance
as shown in Figure 2.4. With the two new parameters, the model is represented by five
unknown parameters.
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Figure 2.4: Equivalent circuit of a solar cell.

The output current Ipy is the difference between the photocurrent I,;, the normal
diode current Ip, and leakage current Ip, as expressed in Eq. (2.7).

Ipy = I, — Ip — Ip (2.7)

Using Kirchhoff’s circuit laws Eq. (2.7) can be written as Eq. (2.8).

Ns-m-K-T¢ V —1-R;

Rsh

Q'(V+I'Rs)>
—1 (2.8)

Ipy = Ipn — o+ leXp(

Defining V; as the thermal voltage for a single PV cell, which is expressed by Eq. (2.9),

‘NCS‘K' Tc
V=" - (2.9)

Equation (2.8) can be written as Eq. (2.10):

<v+z.Rs)>_1]_V—I-RS (2.10)

Ipy =1, — Iy -
PV ph 0 [GXP< v, R
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2.3.5 Equivalent circuit of a solar cell

A PV generator is traditionally represented by an equivalent circuit referred to five-
parameters of the one-diode model [15]. As shown in Figure 2.5, solar cell is represented
by a current source parallel with a P-N junction diode connected in anti-parallel. The five
parameters are: (i) I, (%) Io, (777) m , (iv) Rs, and (v) Rgp.

Figure 2.5: Equivalent circuit of a solar cell.

Applying the kirchoff’s voltage and current laws to the equivalent circuit of a cell, the
flow current to the load and the voltage can be obtained, show in Eq. (2.11) and Eq. (2.12)
respectively:

U.
I=1,—1;— th (2.11)
U=U;—Rs-I (2.12)

Where U is the voltage across the terminals of the load, and the current I as shown in
Figure 2.5 is the current flowing inside the load.

2.3.6 Connection

To obtain high power, a certain number of PV modules have to be connected in a specific
configuration called array. An array of PV panels is a group of several modules electrically
connected in series-parallel combination to generate the required current and voltage [16].
The total number of cells connected in series determine the operating DC voltage of the
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system, while the parallel connection determines the capacity of the array [18]. Therefore,
the final DC voltage and current of the PV array can be written as Eq. (2.13) and Eq.
(2.14) respectively:

VPVAT'ray = NPVS&T’i&S : VPV (2]‘3)

Ipvisrray = NPVparane - IPV (2.14)

where Npvy,,,,., is the number of panels connected in series and Npy, is the number

of panels connected in parallel.

arallel

2.3.7 PV characteristic curves

The I-V curve of the PV panel is given by the superposition of the diode current gen-
erated by the incident light plus the current flowing through the resistances [15]. It is
characterized by three points: () short-circuit current, Isc; (4) open-circuit voltage, Voc;
and (7#7) the current and voltage maximum power point, Iy;pp and Vi pp, respectively [17].

Equation (2.10) can be written for short circuit condition as Eq. (2.15).

((V:ec + Isc : Rs))
sc T Isc t g
Isc: ph_IO' [QXP ‘/t —1] —u (215)
Rsh
At short circuit point (Vsc = 0) Eq. (2.15) can be written as Eq. (2.16).
((Isc RS>>
Isc t g
Ije = Ipp — 1o - lexp Vi —1] — R (2.16)
sh

For open circuit condition Eq. (2.10) can be expressed as Eq. (2.17).
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Vi

(V;)c + Ioc : Rs))
—1] (2.17)

Ioc = 1iph _IO : [GXP<

And at open circuit voltage point (I,. = 0), Equation (2.17) can be written as Eq. (2.18).

(VOC>
Voe
0=1Ip—1Io- [exp Vi —1] RS (2.18)
Ran

The maximum power point (MPP) depends on the solar radiation G and the cell tem-
perature, see Figure 2.6 and Figure 2.7. At MPP the voltage and current of the PV panel
are equals to Vpy = V,,, and Ipy = I, respectively. Therefore, Equation (2.10) can be
written as Eq. (2.19).

(Vin + Iy - Ry)
V; _1]_Vm—1m-Rs

2.19
R (2.19)

Im = ph_IO' lexp<
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Figure 2.6: I-V characteristic of PV panel depending on irradiance and temperature at
T =25 °C.
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Figure 2.7: V-P characteristic of PV panel under different levels of radiation and temper-
ature at T' = 25°C.

In the presented work is implemented initially the dynamic model in order to build the
look-up table of solar irradiation and temperature in function of the active power generated
from photovoltaic system, then, in the second part, the model is changed to the simplified
model which allows a reduction of the computational times and an easy integration with
other submodels.

2.4 Wind turbine System

The turbine produces on average more than 8 kWh of electricity per day, equivalent to half
the annual consumption of a typical demand. This value was obtained from the actual
amount of electricity produced by the turbine in one year divided by the number of days
per year. The main features of the wind turbine are summarized in Table 2.2.



CHAPTER 2. MODELING A HYBRID MICROGRID

30
25

20 -

Power - [kW]

O L
0 5 10 15 20 25 30
Wind Speed - [m/s]

Figure 2.8: Power curve of wind turbine.

Figure 2.8 shows the power curve of the wind turbine.

Table 2.2: Parameters of wind turbine

H Characteristic ‘ Unit ‘ Value H

Cut in speed 6 m/s
Cut out speed 30 m/s
Rated speed 15 m/s
Rated power 15 kW

2.5 Modeling Wind Power System

Wind is a natural phenomenon related to the movement of air masses. It is caused primar-
ily by the difference of solar heating on the earth’s surface. This phenomenon is derived

from solar energy, and only about 1 to 2 percent of the energy emitted by the sun can be
converted into wind energy.

The kinetic energy contained in the wind is transformed in part into mechanical energy
by the turbine, and then into electrical energy by the generator, also called aero-generator.
Aero-generators capture the wind kinetic energy in a rotor consisting of two or more blades

16
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mechanically coupled to an electrical generator. An important factor in how much power
the wind turbine will produce is the height of the tower hence the turbine is mounted
on a tall tower to enhance the energy capture [16]. There are three main factors which
determine the power output of a whole wind energy conversion system:

1. Power output curve, determined by aerodynamic power efficiency, mechanical trans-
mission 7, and converting electricity efficiency 7, of a chosen wind turbine [18];

2. wind speed distribution;

3. hub height of wind tower.

The performance of the turbine cannot be represented only by one parameter (wind
speed). It is necessary to take into account other parameters: (¢) height of the site, (%)
air temperature, (7) electrical and control system considerations

2.5.1 Output of Wind Turbine

The output of the wind turbine is modeled as a DC' current I,,;,q, which is given by Eq.
(2.20).

Pwind
Vwind

Lind = (2.20)

where Viinq is the voltage rating in V and Py, is the power output in W [19], [20].

2.5.2 Wind Speed Variation with Height

Generally, two mathematical models can be used to model the vertical profile of wind
speed over regions of homogeneous flat terrain. The the first approach is the log law, has
its origins in boundary layer flow in fluid mechanics and in atmospheric research, while a
second approach is the power law which is widely applied by researchers. The low law is
represented by Eq. (2.21).

(2.21)
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where the parameter zy represents the roughness which defines the dependence of the
height and the hub with the type of terrain.

In the second approach, the power law is represented with Eq. (2.22). Wind velocity
changes with hub height and available wind data. The net hourly wind velocity is given
by Eq. (2.22).

(0%
H
V= Vpes - (Hﬁ) (2.22)
re

where H,,; is the hub height of the wind turbine and H,.y is the reference hub height
considered to obtain the wind velocity data, v, v is the wind speed at the hub height
H,¢, « is the power law exponent which varies with parameters such as elevation, time of
day, season, nature of the terrain, wind speed, and temperature [13]

2.5.3 Turbine Models

The model of the wind turbine can be described either general or simplified model. In the
follow both models they are presented.

General Model

The wind power is the derivative of the kinetic energy of a moving mass defined by: (7)
air density named p (p’s value is about 1.225 kg/m? at sea level and temperature of 15
°C), (i) the surface swept by the rotor S, and (7) the wind speed vynq. They allow the
determination of the wind power P,;,q which is represented by Eq. (2.23) [4].

1 .
Pwindzi'p's'yd (223)

Another important factor is the coefficient of power. It allows to define the performance
of the turbine. The coefficient of power is calculated as the ratio between the mechanical
power P.. generated by the blades and the power of the wind P;,q as Eq. (2.24).
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Pmec

C, =
b P, wind

(2.24)

So, substituting Eq. (2.23) on Eq. (2.24) the coefficient of power can be written as
shown in Eq. (2.25).

Pwin
Cp=1 " — (2.25)
5 P S .13

It should be stressed that each turbine is characterized by its performance curve. This
represents the coefficient of power as function of the ratio between the peripheral speed at
the tip of the blades and the wind speed, called tip speed ratio. Equation (2.26) describes
the performance coefficient of the wind turbine

w-R
2.26
U ( )

where w is the angular speed in rad/s, R is the radius or length of the blade in m, and
U is the wind speed in in m/s.

Simplified Model

On the other hand there is a simplified model. In this model the power output of a wind
turbine can be described by Eq. (2.27), Eq. (2.28) and Eq. (2.29).

P,=DP- — (Ve <=v <=1,) (2.27)
Up — Vg

Po=P L (. <=v <=1, (2.28)
Vp — Ve

Py(v) =0(v, <=v,and,v >=vy) (2.29)
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where P, is the rated electrical power of a wind turbine, v, is the cut-in wind speed; v, is
the rated wind speed, vy is the cut-off wind speed and v is the net hourly wind velocity [18].

Analog to the photovoltaic system, in the wind power system is implemented in the
first part the dynamic model to build a look-up table of the wind speed in function of
the active power generated from the wind turbine, then, in the second part, the model is
changed to the simplified model.

2.6 Alkaline Electrolyzer

Electrolyzers are devices used for dissociating water molecules into hydrogen and oxygen.
Currently there are three main types of water electrolyzers: (i) alkaline, (¢7) PEM and
(éi1) solid oxide. In the system, an alkaline electrolyzer is used for its maturity, cost and
availability in the market [5].

An alkaline electrolyzer is a type of electrolyzer where the electrolyte is an alkaline
solution (typically KOH 30 wt %). The electrolyzer of the HuG has a maximum power
input of 8 kW, with a nominal hydrogen production of 1.255 Nm?/h. The outlet hydrogen
delivering pressure is 12 barg, reaching a purity of 99.3-99.8 %. The electrolyzer comprises
one stack of 8 kW composed by 5 cells connected in series. Its average performance effi-
ciency is around 54.4 % referred to low heating value. The electrolyzer specifications are
presented in Table 2.3.

Table 2.3: Parameters of alkaline electrolyzer

H Characteristic Value ‘ Unit H

Power 8 kW
Nominal voltage 45 A%
Nominal current 130 A

Minimum Power 2 kW

Pressure 12 barg

H2 production 1.255 | Nm?/h

Electrolyte KOH 30 %
Operation temperature 31 C
Cells 5 -
Electrode area 0.15 m?




CHAPTER 2. MODELING A HYBRID MICROGRID 21

2.7 Modeling Alkaline Electrolyzer

An electrolyzer uses electricity to break the water into hydrogen and oxygen. There are
different types of electrolyzers, the most commons are classified as: (i) PEM electrolyzer
and (ii) alkaline electrolyzer. Traditionally, in conventional alkaline electrolyzers is used
aqueous potassium hydroxide electrolyte KOH, where the potassium ion K+ and OH~
take care of the ionic transportation [3].

2.7.1 Splitting-Water Process

The decomposition of water into hydrogen and oxygen can be achieved by passing an elec-
tric DC current between two electrodes separated by an aqueous electrolyte with good
ionic conductivity. To make see the reaction occurring a minimum electric voltage must
be applied to the two electrodes. In Figure 2.9 is represented the operation principle of an
alkalyne electrolyzer.

Figure 2.9: Operation principle of an alkalyne electrolyzer.
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The overall reaction for splitting water is shown in Eq. (2.30):

1
H, - O(1) + Electrical Energy — Ha(g) + 3 O2(9) (2.30)

The anodic and cathodic reactions are described by Eq. (2.31) and Eq. (2.32) respec-
tively:

Anode : 20H™ (aq) — % -Os(g) + 2e” (2.31)

Catod : 2H20(1) 4+ 2e~ — Ha(g) + 20H ™ (aq) (2.32)

The electrodes must be resistant to corrosion and they must have good electric conduc-
tivity and catalytic properties, as well as good structural integrity, while the diaphragm
should have low electrical resistance. This can, be achieved for instance, by using different
materials. Anodes may be based on nickel Ni, cobalt Co, and iron Fe. Where cathodes
may be based on Ni with a block of platinum activated carbon catalyst C'Pt, and nickel
oxide NiO diaphragms.

For the water-splitting, the following assumptions are considered:
1. Hydrogen and oxygen are ideal gases.

2. Water is an in-compressible fluid.

3. Gas and liquid phases are separated.

2.7.2 Alkaline Electrolyzer Design

Physically, an electrolyzer stack consists of several cells linked in series. There are three
different cell designs to study alkaline electrolyzer; (i) Monopolar electrolyzer, (ii) Bipolar
electrolyzer, and (i) Advanced alkaline electrolyzers [3)].

Monopolar Electrolyzer

The first design for electrolyzer is the monopolar type. In this case the electrodes are either
negative or positive with parallel electrical connection with individual cells. In Figure 2.10
is shown the monopolar electrolyzer design.
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Figure 2.10: Monopolar alkaline electolyzer design.

Bipolar Electrolyzer

The second design type is the bipolar electrolyzer shown in Figure 2.11. It is the most
manufactured today and it is more complex than monopolar electrolyzers. Therefore, it
has a relative higher cost of manufacturing. In the bipolar electrolyzer, the individual cells
are connected in series electrically and geometrically. One important advantage of this
design is its compaction in stacks, which allows a shorter current paths in the electrical
wires electrodes. This reduces the losses due to the internal ohmic resistance and this leads
to an efficiency increase.

The main disadvantages are the parasitic currents and corrosion problems. Further-
more, the compactness and high pressures of the bipolar electrolyzers require relatively
sophisticated and complex system designs, which increase the manufacturing costs.
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Figure 2.11: Bipolar alkaline electolyzer design.

Advanced Alkaline Electrolyzer

The last category is the the advanced alkaline electrolyzer. In this case, the operational
cell voltage is reduced and the current density is increased compared to the more con-
ventional electrolyzers. and with respect to the traditional electrolyzers, advanced designs
have considerable advantages. They lead to a reduction of the operational and investment
cost. However, the increase of the current density increases the ohmic resistance in the
electrolyte temperature due to a variation of the gas bubbling. Hence, an increase of the
current density leads to high over-potentials levels at the anodes and cathodes. As it con-
cerns to design, there are three basic improvements implemented:

1. New cell configurations to reduce the surface-specific cell resistance despite increased
current densities

2. Higher process temperatures (up to 160 °C) to reduce the electric cell resistance in
order to increase the electric conductivity of the electrolyte

3. New electrocatalysis to reduce anodic and cathodic over-potentials

2.7.3 Model Description

The alkaline electrolyzer model presented is related to an Advanced Alkaline Electrolyzer.
It describes with accuracy the electrochemical and thermal dynamic behavior is based on a
combination of fundamental thermodynamics, heat transfer theory and empirical electro-
chemical relationships. In particular, the electrochemical model is based on temperature
and pressure depending on Faraday efficiency relation and a temperature depending of
current-voltage. [3], [21].

The model can be used to predict: (i) the cell voltage, () hydrogen production, (7i7)
Faraday efficiency, and (iv) operating temperature. [3]. In Figure 2.12 is presented the
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block diagram of the sub models.
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Figure 2.12: Block diagram of sub models for an advanced alkaline electrolyzer.

In the follow, the sub-models to modeling the advance alkaline electrolyzer are de-
scribed. The operation of the whole electrolyzer is based on the interaction between the

follow sub-models:

Ll o

Thermodynamic Model
Electrical Sub-Model.

Hydrogen Production Sub-Model.
Thermal Sub-Model.

Thermodynamic Model

The reversible voltage is the minimum voltage that must be applied to slit the water
molecule. In thermodynamic terms, the reversible voltage U,.., can be expressed as a func-
tion of the Gibbs Energy. With Gibbs energy can be determined the minimum voltage or
reversible voltage that must be applied to occur splitting water reaction. The Faraday’s
law relates the electrical energy or electromotive force needed to split the water to the
chemical conversion rate in molar quantities.
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Thermodynamics provides a framework for describing equilibrium reaction and ther-
mal effects in electrochemical reactors. It also gives a basis for the definition of the driving
forces for transport phenomena in electrolytes and leads to the description of the properties
of the electrolyte solutions.

Based on the assumptions done before for Advanced Alkaline Eltrolyzer, the change
in enthalpy AH, entropy AS, and Gibbs energy AG of the water-splitting reaction can
be calculated with reference to pure hydrogen (Hsz), oxygen (O2), and water (H20) at
standard temperature and pressure. Specifically at 25 °C and 1 bar.

The total change in enthalpy for splitting water is the enthalpy difference between the
products Hs and Oy and the reactants HoO. The same applies to the total change in
entropy. The change in Gibbs energy is expressed by Eq. (2.33).

AG=AH—T-AS (2.33)

The Gibbs energy can be associated with reversible voltage and themoneutral cell volt-
age as shown in Eq. (2.34).

Upe = (2.34)

where the reversible voltage U,.., depends on the temperature and pressure of the re-
action and it is measured in V, z is the number of electrons per hydrogen molecule, and
F! is the Faraday constant in sA /mol.

The total energy demand AH is related to the thermoneutral cell voltage and it is
expressed by Eq. (2.35)

AH
=== 2.
Uin = == (2.35)

'Faraday Constant = 96485.3329 sA /mol
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Electrical Submodel

The electrical submodel allows the estimation of the voltage-current relationship. The
proposed model uses the electrical power and stack temperature as the electrical inputs
calculating the voltage-current for each cell of the stack at different temperatures [2].

The relationship of the electrical power on the electrolyzer is given Eq. (2.36):

W =N&Y . 160 Uy (2.36)

where W is the electrolyser power consumption in W, Ne(,it) is the number of stacks
cells, Ie(ﬁt) is the stack current of the electrolyser in A, Uy and is the electrolyser cell

voltage in V.

In Eq. (2.36), the electrolyser cell voltage Uy represents an empirical I — U model
for electrolyzers. The kinetics of the cell electrode are modeled with the I — U curve that
takes into account overvoltages, ohmic resistance and temperature on the stack cell. The
current-voltage curve can be expressed by the sum of three terms, as Eq. (2.37): (7) re-
versible voltage Uy, (i7) activation voltage Uy, and (44) ohmic overvoltage Uppp,. All
the terms are expressed in V [22].

Ucell = Urev + UAct + UOhm (2'37)

The first term of Eq. (2.37) represents the minimum electric voltage that must be
delivered to the electrolyzer, expressed above in Eq. (2.34). The second and third terms
express the activation and ohmic overvoltages that can be defined as in Eq. (2.38) and Eq.
(2.39), respectively.

t
Unet = 5 - log( 18D + 1) (2.38)
AL
Uohm = —— - I (2.39)

A

(st) ez
ez



CHAPTER 2. MODELING A HYBRID MICROGRID 28

Inserting equations (2.34), (2.38) and (2.39) in Eq. (2.37), Ucen can be written as shown
in Eq. (2.40):

_ Tt . t st
UC@ZZ_UT@“+A(st) 177 + s - log (A(St) 107 +1 (2.40)

€z

€z

where as mentioned before, U,., is the reversible voltage, r is the parameter related to
ohmic resistance of electrolyte in €2 - m2, AESJ) is the electrolyser stack area in m2
coeflicient for overvoltage on electrodes in V, and t is also a coefficient for overvoltage on

electrodes but in measured in A~1 - m2.

, S is the

In Eq. (2.40), the terms 7, s and ¢ define the stack and the electrolyte type and the
shape of the U — I curve. These parameters are expressed by Eq. (2.41), Eq. (2.42) and
Eq. (2.43) respectively [2], [3], [21].

2

r(TEY) = rg + 11 - TG + 1y - (TEY) (2.41)

S(TED) = 59+ 51 TED + 55 - (T (2.42)
(st) t1 t2

HTED) = tg + — (2.43)

. . 2 m2
The variables g, r1 and ro are expressed in € - m?, Q 77— and QK"; , whereas sg, s1 and

2. 2. 72
m=-C and mAK

. . m2 .
so are expressed in V, % and % to, t1 and t3 are in ", "5 respectively.

Equation (2.42) can be rewritten as into a more detailed I — U model, as follows in Eq.
(2.44):

ro+ 71 Te(jt) + 7o - (T§§)2

. 7(st)
ALY fet

€z

Ucell = Urev +

flt) + (tg) . (244)
Te: st
A(st)( : 'Iéﬁt)+1>
ez

2 fo+
(80 + 51 TS + 59 (TSE) ) -log (
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Hydrogen production sub-model

In an electrolyzer cell the hydrogen production rate is directly proportional to the electrical
current in the external circuit (transfer rate of electrons to electrodes):

Ne(jt) 7(st)

e _E (2.45)

myg, =NF - S F

where mpy, is the hydrogen flow rate in mol/s, nr is the Faraday efficiency, and Iéit) is
the stack current in A.

Faraday Efficiency Model

The Faraday efficiency represents the losses caused by parasitic currents. The parasitic cur-
rents increase with decreasing current densities due to an increasing share of electrolyte and
a lower electrical resistance. An increase of temperature leads to a lower resistance, more
parasitic currents losses, and lower Faraday efficiencies. Faraday efficiency is expressed as
in Eq. (2.46):
2
np(p,T) = fo(TEY) - —F (2.46)
:02 + f 1 (Tez )

Where fi and fy are empirical constants taken from [23], and p is the current density
expressed by Eq. (2.47):

&

Thermal Model

The thermal inertia is important when the electrolyzer is connected to renewable energy
sources, because operating temperature changes with time, and therefore, hydrogen pro-
duction.

The temperature of the electrolyte can be determined using a simple or complex
method. In the overall thermal energy, the thermal capacity Ct., and resistance R; are
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constants that can be determined analytically or empirically, depending to the model.

The thermal energy balance can be expressed as Eq. (2.48):

arss?

Ctez
dt

_ Qggen) o Q (Cool) Q(Loos (248)

Where Ct,, is the electrolyser stack thermal capacity in W/K Tez st)

temperature in K, Qege")

is the electrolyser

is the heat generated in the electrolysis process in watts, QES""’)

is the cooling flux in W, and Qeé"” is the heat losses in W. All the variables are calculated

as shown in equations (2.49), (2.51) and (2.52):

ngen) N - U(St) ( t) (1—n.) (2.49)
Q(COOZ) _ cw . (TZL(C'LU) _ To(cw)) = UAhx -LMTD (250)

(st) . '(cw) . (st) . (cw)
LMTD = ( €z 172 ) ( €z To )
In[(T6) — T5™) (T — T4

(2.51)

QLo = = (T — ) + ) - (T60 — T+ B (T80 ~T) (2.52)
t

where U, (eszt) is the stack voltage of the electrolyzer in V, 7. is the energy efficiency of

the process, Ti(cw) and Ti(cw) are the temperatures of the inlet and outlet cooling water
respectively, C., is the thermal capacity of the water, AUy, is the overall heat transfer
coefficient-area product for heat exchanger in K/W, LMTD is the log mean temperature
difference in K, R, is the thermal resistance in W/K, T, is the environment temperature
(assumed at 298 K), and h* and hy* are the film coefficient for forced convection and film
coefficient for natural convection of the electrolyer respectively.

2.8 PEM Fuel Cell

The PEM fuel cell (FC) consists of an electrolyte (membrane) conductor ions, a porous
anode and cathode, which converts energy from chemical reactions into electrical energy.
For a PEM fuel cell, the combination of fuel (hydrogen) with oxidizer (oxygen) contin-
uously produces electricity, heat and water [5]. The fuel cell stacks reunite several cells
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in series to obtain higher voltages and powers thus forming modules with outputs rang-
ing from hundreds of watts to ten of hundreds of kilowatts with a efficiency around 40-60 %.

A 12.5 kW PEM fuel cell system is composed by one stacks of 110 cells. The PEM

fuel cell is auto-humidified and takes the oxygen from air. The fuel cell specifications are
summarized Table 2.4.

Table 2.4: Parameters of the PEM fuel cell

H Characteristic ‘ Value ‘ Unit H

Power 12.5 kW

Nominal voltage 83.7 A%

Nominal current 150 A
Hjy consumption at rated power 178 lpm
Membrane thickness 178 pm
Nominal air fuel rate 250 lpm

Stack humidity 14 -

Number of cells 110 -

EO potential at unity activity 1.229 v

2.9 Modeling PEM Fuel Cell

The fuel cell is a reliable energy source that provides electric power using hydrogen [2]. A
common technology of fuel cells is the Proton Exchange Membrane (PEM), which uses a
membrane that converts hydrogen into electric power [16]. In the PEM fuel cell, the elec-
trochemical reaction occurs when hydrogen and oxygen are combined to produce electricity
[24]. PEM electrolysis as a hydrogen production technique has many advantages such as
high working current densities, production at high pressure, pure gas generation and com-
pact design. It is a relatively new and promising technology. Modeling this technology has
uttermost importance in understanding the operational behavior of a PEM fuel cell [25].

2.9.1 PEM Fuel Cell Design

Different existing models can describe with high accuracy the electrochemical process in-
side the fuel cell, as the model validated in [2]. This model takes into account parameters
such as the dynamic of the compressor, the manifold filling dynamics and consequently
the reactant partial pressure. Other empirical models presented in the literature can be a
solution to characterize the fuel cell with the advantage of fast computational execution.
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However, these models have a limited capacity to predict with accuracy the characteristic
curve operation.

A key way of representing the fuel cell behavior is given by the operational curve or
polarization curve. This curve is a representation of the voltage versus current. The volt-
age is a function of the reversible cell voltage, activation losses, and concentration losses.
In the present model, fluid dynamics inside the cathode and water flooding are neglected.
Nevertheless, the model maintains a high accuracy as it includes the cells dependency on
temperature, membrane thickness, humidity, and partial gas partial pressure, which are
defined as constants [25].

The architecture of the model is analog to the structure of the alkaline electrolyzer
(presented before in Figure 2.12), shown for PEM fuel cell in Figure 2.13.

H2
POWER CONSUMED
REQUESTED —

gl - ) PF ECM ( TEMPERATURE

j | » THERMAL | PEM FC

=y ! SUBMODEL ‘ TEMPERATURE
H ELECTROCHEMICAL | VPEMFC

SUBMODEL | J PERFORMANCE

ELECTRICAL SUBMODEL .~ —

H2
CONSUMPTION
I PEM FC HYDROGEN CONSUMPTION | PR BAIE
. SUBMODEL | / 2
X : 7
V PEM FC /

PEM FUEL CELL MODEL

Figure 2.13: Block diagram of submodels for a PEM fuel cell.

In the model, the following assumptions are considered:

1. One-dimensional treatment of flow and distribution gases.

2. Ideal and uniformly distributed gases.

3. Constant pressures in the fuel cell gas flow channels .

4. The fuel is humidified pure hydrogen and the oxidant is humidified air.
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5. Thermodynamic properties are evaluated at average stack temperature.
6. Temperature variations across the stack are neglected.
7. Stack heat capacity is constant.

2.9.2 Model Description

The presented model based on a semi-empirical model from [2]. It is based on electrical,
thermal and flow calculations. The model describes with high accuracy the electrochemi-
cal process inside the fuel cell taking into account parameters such as the dynamics of the
compressor the manifold filling dynamics and consequently the reactant partial pressures
[2].

It is composed by three submodels and each one has its own model which can be run
separately, but all the submodels are linked to the other ones. These are:

1. Electrical submodel.
2. Thermal submodel.
3. Hydrogen consumption submodel.

2.9.3 Electrical sub-model.

As the alkaline electrolyzer, the PEM fuel cell model is based on a combination of funda-
mental thermodynamics, heat transfer theory and empirical relationships [3]. In Eq. (2.53)
is expressed the operating cell voltage:

chell =F— V;lct - Vohm - ‘/;onc (253)

where FE is the open circuit voltage, V. is the activation overvoltage, V,,, is the ohmic
overvoltage, and V., is the concentration overvoltage, all terms measured in V. The single
models composing electrical sub model are presented in the follow subsections:

Open Circuit Voltage

The open circuit voltage can be calculated by applying the thermodynamic laws to the
reaction inside to PEM fuel cell and based on the Nernst equation. Equation (2.54) de-
scribes the open circuit voltage E:
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E=ci—c- 107 (TR —e3) + ¢4 - 1075 - T3 - n(Py, -/ Po,) (2.54)
where T}it) is the stack temperature of the fuel cell in K and Pg, and Pp, are the

hydrogen and oxygen partial pressure respectively in bar. Fuel cells are comprises by a
number N; of cells and thus, the open circuit voltage of the stack F; is obtained by Eq.
(2.55).

E,=N, E (2.55)

Finally, the complete stack power is given by Eq. (2.56):

Pfc = Ncells : chell : I(St) (256)

C

Activation Phenomena

The activation phenomena are due to the kinetics of the electrochemical reactions taking
place inside the fuel cell. The transfer of the electrical charge between the chemical species
and the electrodes involves an energy demand due to the variation of the Gibbs free energy,
occurring at the different process stages [26]. This energy barrier is known as activation
energy and it is shown in the form of overvoltage at the electrodes. The overvoltage caused
by this phenomenon is known as activation voltages V. and its expression is shown in Eq.

(2.57):

Vet =1 —Co - 1074 (T}it) —c3)+
¢ -107° - T Py, - \/Po,)[(wa - TS + a3) - P,
+ (:1:4Tjgit) + x5) - Po,+
(a6 + )] (1= e ™00y (2.57)

Where, Ij(fit) is the stack current of the fuel cell in A.
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Ohmic Phenomena

The third term of Eq. (2.53), describing the ohmic overvoltage Vop,,, is presented in Eq.
(2.58). The ohmic phenomenon is caused by the resistance of the various fuel cell elements
to the flow of ions and electrons. The electrical current flow through the cells leads to volt-
age losses called ohmic overvoltage [24], therefore, the ohmic overvoltage is proportional to
the electrical current flowing through the cell:

Vohm = I(it) : Rohm,i (258)

where Ropm,i is the ionic resistance in € which can be calculated by Eq. (2.59):

Rohm,i = tﬂ (259)

m

where oy, is the membrane conductivity. The membrane conductivity can be empir-
ically expressed as a function of humidification/water content in the membrane. It is
obtained by Eq. (2.60):

9\ <6 ED)
om = (c6 - Am —c7) € fe (2.60)

With ¢, indicating the membrane thickness in pm and A, referring to the stack humid-
ity which varies between 0 (0% humidity) and 14 (100% humidity). Substituting Equations
(2.59) and (2.60) on Eq. (2.58), the ohmic overvoltage V,u, can be written as in Eq. (2.61).

15t

(2.61)
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Concentration Phenomena
The last term of (2.53), concentration phenomena V,,, is described on Eq. (2.62).
fe 13

I
Vion = 126 | (w10 - TIC + 211 - Po,) - xi (2.62)

2.9.4 Thermal sub-model

The fuel cell thermal submodel is determined through a lumped thermal capacitance model.
The thermal capacity is defined as the ratio between the quantity of heat energy transferred
between the said body and its environment in any process, and the temperature change ex-
perienced [24]. The heat generated during the fuel cell operation is due to entropy changes,
thus, the first law of thermodynamics is expressed as Eq. (2.63):

(e2)

T .
Cth;C)# = QHreac — Wetee — Qa (263)

where Q H,o.. describes the enthalpy of the chemical reaction of water formation, Wee.
is the energy yielded in the form of electricity generation, and @, is the amount of heat
dissipated through convection effects to the environment, which includes the heat removed
by the cooling system when the fuel cell reaches the maximum temperature allowed. The
terms of Eq. (2.63) can be calculated as equations (2.64), (2.65) and (2.66):

_AHreac : I(St)

. fc
= 2.64
QHTEU/C 2 . F ( )
Wetee = Vf(jt) : I](Cf:t) (265)
Qo= (W) + 1) - (170 = T.) (2.66)

where H,eqc is the enthalpy of the reaction, hg}? is the convective heat transfer coefli-

cient in Wm?/K and, 1! is the natural heat transfer coefficient in Wm? /K.

e 1



CHAPTER 2. MODELING A HYBRID MICROGRID 37

2.9.5 Hydrogen Consumption Sub-Model

The hydrogen required for the fuel cell to produce power is calculated through the stoi-
chiometric Eq. (2.67).

Ncells : Ij(!‘it)

= (2.67)

Mmpe =

where 1. is the flow of hydrogen required mol/s, Neeys is the number of cells in the

fuel cell, I]([Zt) is the current delivered by the fuel cell stack A, z is the number of electrons
per molecule, and F' is the Faraday constant in sA/mol.

2.10 Hydrogen Storage Tank

Hydrogen can be accumulated in different ways: gaseous, liquid or in an intermediate com-
pound. The hydrogen produced by the electrolyser is stored without further compression
in a high pressure tank. [27]. The total tank storage capacity is 9 m3 of hydrogen. Tank
specifications are summarized in Table 2.5.

Table 2.5: Parameters of hydrogen storage tank

H Characteristic ‘ Value ‘ Unit H

Storage capacity 9 m3
Maximum level 10 %
Minimum level 95 %

2.11 Hydrogen Storage Tank

The hydrogen storage tank model can be represented by Eq. (2.68).

Mt = Mez — Mfc — Mieak (268)

where my, is the hydrogen storage tank level, m., is the hydrogen production from the
electrolyzer, my. is the hydrogen flow required from the fuel cell, and mjeq is the leakage
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rate to environmental. Despising the leakage, Eq. (2.68) can be written again as Eq. (2.69).
Myl = Mg + /(mez —mye) - dt (2.69)

Assuming ideal gas conditions, the pressure inside the tank can be obtained as Eq.
(2.70):

:ntk'R'Ttk

P,
tk Vg

(2.70)

where Py is the pressure in the tank, 7 is the moles of hydrogen into the tank, R is
the ideal gas constant, T3 is the temperature of the hydrogen in the tank, and V Ly is the
volume of the tank.



Chapter 3

Simulink Models, Testing and
Validation

This chapter describes the models implemented in the HuG. Furthermore, The testing and
validation of the major components of the HuG is presented t; (7) Alkaline electrolyzer,
(it) hydrogen storage tank and, (ii7) PEM fuel cell. Below in the sections (3.1) to (3.6) are
presented the block diagrams showing the inputs, outputs and representative connections
of the composing models. The chapter is composed of the following sections.

Load demand.

Wind turbine system

PV system

Alkaline electrolyzer.

PEM fuel cell.

Hydrogen storage tank.
Central control system.
Integrated system simulation.

X NSO WD

3.1 Load demand

The load is intended as an input of the Hu G loaded from a file. It is composed by a selector
and a signal builder. According to the position of the selector it is possible to change the
characteristic of the load between different profiles. A general scheme of the load model
proposed is presented in Figure 3.1.

39
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Load

Power Demand (Kw)

SELECTOR OF ;.EOAZIESD
LOAD PROFILE
SIGNAL BUILDER |

Time(h) /

Figure 3.1: Load demand. Model proposed.

The model of the load is implemented in Simulink and it is presented in Figure 3.2.
The signal builder contains three strategic profiles that lead to study the performance of
the system under different behaviors. The first profile is an unrealistic case. It is built
to verify the operation of the system in different scenarios. The other ones are obtained
from measurements done in two summer days in an electrical substation of Politecnico di
Torino with different types of loads. The three profiles: (7) validation profile, (i7) case 1 -
variable load and (7ii) case 2 - static load, are presented in Figure 3.3 to Figure 3.5.

3.1.1 Measure Descriptions

The measurements performed to build the loads corresponding to cases 1 and 2 are de-
scribed as follows:

1. Place: Politecnico di Torino, Piedmont, Italy.

2. Date: June 18th and 19th of 2019.

3. Description: Summer load profiles measured in two days in an electrical substation
of Politecnico di Torino.

4. Instruments: Data acquisition & analysis (CED), current probe TA 167 Pico tech-
nology and current probe Hioki 9018-50.

5. Sample time: 1 second (1 Hz).



CHAPTER 3. SIMULINK MODELS, TESTING AND VALIDATION

E'i LOAD_Selector

Load Profile To Workspace
Selecor Load_PowerDemand
Group 1 To Workspace1
0_Valid ationP rofle \alidation Profile
1_VariableLoad Case 1
2_StaticLoad Case 2 LOAD - Power Dermand - [<W]
3_MariableAnd StaticLoad Case 3
Signal Builder - Load Profile Weasea
Load Selector

Figure 3.2: Load demand. Simulink model

LOAD - Validation Profile - [k
N
[

6 \ \ \
0 5 10 15 20

Time - [h]

Figure 3.3: Load demand. Validation profile with active power in kW.

41
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LOAD - Variable Load - [kW]

60
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20 -

I
8 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8 8.9 9
Time - [h]

Figure 3.4: Load demand. Variable load measured in an electrical cabin of Politecnico di
Torino with active power in kW. (a) 0 to 24 h, (b) 8 to 9 h.
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-
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LOAD - Static Load -[kW
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I

1 1 1
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Time - [h]

Figure 3.5: Load demand. Static load measured in an electrical cabin of Politecnico di
Torino with active power in kW.
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3.2 Wind turbine generator model

The model of the wind turbine generator is presented in two sections. The first part
presents a dynamic model which shows the dynamic of the wind turbine. It is connected
to the grid at the point of common coupling (PCC') at 380 V phase-to-phase. The second
part presents a simplified model based on Look-up tables exported from the dynamic model.

3.2.1 Dynamic Model

The dynamic model proposed and its Simulink model are presented in Figures 3.6 and 3.8
respectively. It has one input: wind speed in m/s, and six outputs: (7) wind power in kW,
(7) mechanical power in kW, (i) stator voltage Vg in V, (iv) stator currents I,p. in A,
(v) active power in kW, and (vi) reactive power in kvar.

WIND POWER
[(Kwj

MECHANICAL POWER
[KwWj
WIND SPEED STATOR VOLTAGE
[m/s] Vabe [V]
STATOR CURRENTS
labe [A]
ACTIVEPOWER
{Kw]

REACTIVE POWER
[kw]

WIND TURBINE MODEL — y
DYNAMIC MODEL

Figure 3.6: Wind turbine generator. Dynamic model proposed.
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Figure 3.7: Wind turbine generator.
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Figure 3.8: Wind turbine generator. Dynamic Simulink model.
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The model is validated with a ramp of wind speed starting from 6 m/s and coming to
15 m/s. It covers all the speed compressed between the the cut-on and cut-off speeds of
the turbine generator, as shown in Figure 3.9.

The responses of the model are presented in the following order: Figure 3.10 shows sta-
tor voltage V. and stator currents I,p., Figure 3.11 active and reactive power and Figure
3.11 mechanical and wind speed power.
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The stator voltage is constant at 380 V phase-to-phase, while the active power varies
active power varies from 6 kW at the cut-on speed until 15 kW at the cut-off speed.

WT - Wind Speed -[m/s]
© o

5 L L J
12 14 16 18 20 22 24 26 28 30

Time - [s]

Figure 3.9: Wind turbine generator. Wind speed in m/s.
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VWMWW Vi

11.05 11.15
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Figure 3.10: Wind turbine generator. (a) Stator voltage V. in V and (b) stator currents
Iabc in A.
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20 T T

10 //
0 ‘ ‘ \—Active Power - [kW]

12 14 16 18 20 22 24 26 28 30
10 T T

‘ —Reactive Power - [kVar]

12 14 16 18 20 22 24 26 28 30
15 T T
10 - —Wind Speed - [m/s] -
5 Il Il
12 14 16 18 20 22 24 26 28 30
Time - [s]

Figure 3.11: Wind turbine generator. Dynamic model. (a) Active power in kW, (b) reactive
power in kvar, (¢) wind speed in m/s.

—WT - Wind Power - [kW]

12 14 16 18 20 22 24 26 28 30
20 : = T T
—WT - Mechanical Power - [kW] \
10 - :
0 Il Il
12 14 16 18 20 22 24 26 28 30

15 T T

10+ 1
‘—WT- Wind Speed - [m/s]

12 14 16 18 20 22 24 26 28 30
Time - [s]

Figure 3.12: Wind turbine generator. Dynamic model. (a) Wind power in kW, (b) me-
chanical power in kW, (¢) wind speed in m/s.

3.2.2 Simplified Model

The high computational time required by the dynamic model led to implement a simplified
model in order to simulate long periods of time. Then, results obtained in the validation
of the dynamic model are exported as an one dimensional look-up table. i.e. wind speed
as input and active power as output. Figures 3.13 and 3.15 presents the simplify model
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proposed and its Simulink model.

WIND SPEED
[m/s]

WIND TURBINE MODEL -
SIMPLIFIED MODEL WITH LOOK UP

TABLE

ACTIVE POWER
[kw]

Figure 3.13: Wind turbine generator. Simplified model proposed.

WT - Wind Speed - [m/s]  WT - Active Power - [KW]

WT - Wind Speed - [m/s]

]

Subsystem - WT

WT -Active Power - [KW]

Figure 3.14: Wind turbine generator. Simplified Simulink model.
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if(u1 > 5)

else

If v
if{}
In1 Out1 Lg
TDTM Merge [——————————»(1)
If Action WT - Active Power - [KW]
4’.7 Subsystem Merge
WT - Wind Speed - [m/s] Bormrnd v
else {}
1-D Lookup In1 outt
Table
Constant If Action
Subsystem1

Figure 3.15: Wind turbine generator. Simplified Simulink model.

The response to the ramp of the model based on a look-up table follows the trend and
the scale of the original response and its computational time is highly reduced.
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Figure 3.16: Wind turbine generator. Simplified model. Active power in kW.

3.3 PV system

With the same purpose of the wind turbine model, photovoltaic model is presented initially
as a dynamic model. Then, it is reduced in a simplified model with a bidimensional
dimensional look-up table.
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3.3.1 Dynamic Model

In Figures 3.17 and 3.19 are shown the dynamic model proposed for the photovoltaic sys-
tem and its Simulink model respectively. The inputs of the model are the solar irradiation
in Wh/m? and the temperature in °C. The outputs are: (i) DC voltage in V, (i) Vg VSC
in V, (44) active power in kW, (iv) three phase voltages V. in V, and (v) three phase
currents I,p. in A.

DC VOLTAGE
v
SOLA?J}TSAD;]ATION Vab VSC
m
vi
TEMPERATURE PV Vabc [V]
ra g
> PV labc [A]
ACTIVE POWER
(kw]

PV SYSTEM MODEL — J
DYNAMIC MODEL _~

Figure 3.17: Photovoltaic model. Dynamic model.
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Figure 3.18: Photovoltaic system. Dynamic Simulink model.
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Figure 3.19: Photovoltaic system. Dynamic Simulink model.

The model is validated with a ramp of solar irradiation starting from 100 W/m? and
coming to 1000 W/m? at a constant temperature of 25 °C. See Figure 3.20.

The responses of the model are presented in the following order: Figure 3.21 shows the
three phase voltages Vp., Figure 3.22 shows V;, VSC, Figure 3.23 shows DC' voltage and
Figure 3.24 presents power produced by the PV system.

The three phase-to-phase voltage are 380 V and in the DC' bus the voltage is constant
at 625 V. The active power increases from 4 kW at 100 W/m? until 23 kW at 1000 kW.
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Figure 3.20: Photovoltaic system. Inputs. (a) Solar irradiation in W/m?2, (b) Temperature
in °C.
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Figure 3.21: Photovoltaic system. Dynamic model. Three phase-to-phase voltages V. in
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Figure 3.22: Photovoltaic system. Dynamic model. V,; VSC in V.
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Figure 3.23: Photovoltaic system. Dynamic model. DC voltages V.
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Figure 3.24: Photovoltaic system. Dynamic model. Active power in kW.
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3.3.2 Simplified model

Figures 3.25 and 3.27 shown the simplified model and its Simulink model respectively. It
inputs are: (i) Solar irradiation in Wh/m? and (7i) temperature in °C. The unique output
is the power produced by the PV system in kW. The response of the model is presented
in Figure 3.28.

SOLAR IRRADIATION
[Wh/m2]
s ACTIVE POWER
& Kwj
TEMPERATURE it
[ecl

> MV SYSTEM MODEL —

SIMPLIFIED MODEL WITH LOOK UP

TABLE

Figure 3.25: Photovoltaic system. Simplified model.

PV - Solar Irradiation - [Whim2]

PV - Solar Irradiation - [Wh/m2]
PV - Active Power - [KW] » |:|

PV - Temperature - [C] PV - Active Power - [KW]

PV - Temperature - [C]

Subsystem - PV

Figure 3.26: Photovoltaic system. Simplified Simulink model.
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if(u1 > 100)

1 »{ul

else

PV - Solar Irradiation - [Wh/m2]
If
{}
»in1 out1 >
2D 1) Merge
ut If Action PV - Active Power - [KW]
Subsystem Merge
(D, > s ]
PV - Temperature - [C] et e (1
2-D Lookup In1 outt
Table
Constant If Action
Subsystem1

Figure 3.27: Photovoltaic system. Simplified Simulink model.
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Figure 3.28: Photovoltaic system. Simulink model of simplified model with LU.

3.4 Alkaline Electrolyzer

Figures 3.29 and 3.32 present the dynamic model of the electrolyzer and its Simulink model
respectively. The unique input of the dynamic model is the power requested in kW, while
the outputs are: (7) temperature in °C, (i) stack voltage in V, (i) stack current in A,
(iv) hydrogen produced in lpm and performance in %.
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Figure 3.29: Alkaline electrolyzer. Proposed model
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Figure 3.30: Alkaline electrolyzer. Simulink model.
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Figure 3.31: Alkaline electrolyzer. Simulink model.

The alkaline electrolyzer model is composed for a wide range of dynamics. It is com-
posed by three submodels: (%) electrical submodel, (ii) electrochemical submodel and, (%)
thermal submodel. These dynamical models allow understand the complex interactions of
all models when there are active at the same time. In Figure 3.32 is shown the structure
of the model implemented for the alkaline eletrolyzer.
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Figure 3.32: Alkaline electrolyzer. Structure of dynamic model.

The principal parameters of the dynamic model are shown in Table 3.1.

Table 3.1: Alkaline electrolyzer. Parameters of dynamic model.

H Parameter Value Unit H
S0 1.586 Vv
51 1.378 V K1
So -1.606 V K2
to 49.31 A m™2
t -0.3065 Am?> K1
to 0.0004782 | A m? K2
0 0.004747 Q m?
r1 -1.367e-5 | Qm? K1
Qeonv 3000 WA K1
beond 600 W K-t
Clow 4184 J K1

The electrolyzer model is validated using data measured in a laboratory of a 8 kW
alkaline electrolyzer. The input power is increased drastically from zero to around 8 kW
with a step. Then, the electorlyzer is operated during 4 minutes. See Figure 3.33.
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Figure 3.33: Alkaline electrolyzer validation. Active power in W.

In Figure 3.33 the active power corresponds to the overall power of the system. i.e.
power requested by the electrolyzer and losses which are estimated as 400 W. The stack
current and stack voltage of the validating model steadies at 145 A and 45 V with errors
of 9.15 % and 2.5 % respectively. The temperature reaches its steady state to 31 °C after
200 s with an error of 2.13 % and, hydrogen production steadies at 19.91 lpm with an error
of 1.89 %. See Figures 3.34, 3.35, 3.35 and 3.37 respectively.
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Figure 3.34: Alkaline electrolyzer validation. Stack current in A. Maximum error at steady
state of 9.15 %.
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Figure 3.35: Alkaline electrolyzer validation. Stack voltage in V. Maximum error at steady
state of 2.5 %.
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Figure 3.36: Alkaline electrolyzer validation. Stack temperature in °C. Maximum error at
steady state of 2.13 %.
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Figure 3.37: Alkaline electrolyzer validation. Flow rate in lpm. Maximum error at steady
state of 1.89 %.
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The characteristic curve of the electrolyzer at 35 °C is presented in Figure 3.38. The
open circuit voltage of the cell is 1.229 V while at 50 A the cell voltage is equals to 4.5 V.
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Figure 3.38: Alkaline electrolyzer. I-U characteristic curve at 35 °C.

The results demonstrate the accuracy of the model in predicting the dynamic behaviour
of the electrolyzer: stack voltage and current, temperature variations and hydrogen pro-
duction.

3.5 PEM Fuel Cell

The dynamic model of the PEM fuel system and its Simulink model are shown in Fig-
ures 3.39 and 3.41 respectively. The inputs of the Simulink model are: the hydrogen
requested in Ipm and the stack current in A, while the outputs are: () power produced in
kW, (i7) stack voltage in V, (i) stack current in A and, (iv) hydrogen consumption in lpm.
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Figure 3.39: PEM fuel cell model. Proposed model
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Figure 3.40: PEM fuel cell. Simulink model.
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Figure 3.41: PEM fuel cell. Simulink model.

The dynamic model is composed by three submoodels: (i) Thermal submodel which
calculates the temperature, (ii) Electrochemical submodel which calculates the cell voltage
and, (ii1) hydrogen consumption submodel which calculates the consumption rate. The

structure of the dynamic model is shown in Figure 3.42.

H2
POWER CONSUMED
REQUESTED I PEM ( TEMPERATURE r—
PEM FC '[( * ]J FC [ o THERMAL | PEMFC
— ~ SUBMODEL | TEMPERATURE
H ELECTROCHEMICAL | WHHELIRE
_ SUBMODEL | } PERFORMANCE
ELECTRICAL SUBMODEL -~ —p
H2
CONSUMPTION
I PEM FC HYDROGEN CONSUMPTION | Py e
g SUBMODEL | 7 :
\ V PEM FC /
/

PEM FUEL CELL MODEL

Figure 3.42: Structure of dynamic PEM fuel cell model.
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The validation of the model is performed from measured data in a laboratory of a PEM
fuel cell 12 kW stack composed by 110 cells. Measured data correspond to the following
conditions:

1. 40 % of oxidant composition (Og).
2. Air pressure at 1 bar.
3. Variable load.

The data used to validate the model are presented in Figure 3.43. It is observed: that
Hj increases from 100 to 200 lpm, whereas temperature oscillates between 50 to 65 °C. Air
flow rate and fuel pressure are almost constant at 200 lpm and 225 mbar respectively.

200 H2 Fuel Rate - [lpm]

180 - W
1

60 L L | |
4800 4850 4900 4950 5000 5050 5100 5150 5200 5250 5300
Air Flow Rate - [lpm]

300
250 -

OO L 1 l L
4800 4850 4900 4950 5000 5050 5100 5150 5200 5250 5300
50 Temperature - [C]

gl Ve, oy

56 | | L |
4800 4850 4900 4950 5000 5050 5100 5150 5200 5250 5300
Fuel Supply Pressure - [mbar]

300

250 WWW
20 I 1 1 1 1 1

0
4800 4850 4900 4950 5000 5050 5100 5150 5200 5250 5300
Time - [s]

Figure 3.43: PEM fuel cell. Validation at 40 % of oxidant composition (Oz) and 1 bar of
air pressure. Hy and air fuel rate in lpm, temperature in °C and, fuel pressure in mbar.

The stack current, stack voltage and active power produced are shown in Figures 3.44,
3.45 and, 3.46 respectively. The maximum error obtained on the current is 7.5 %, on the
voltage is 3.3 % and on the power is 5.9%.
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Figure 3.44: PEM fuel cell validation. Current in A. Maximum error of 7.5 %.
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Figure 3.45: PEM fuel cell validation. Voltage in V. Maximum error of 3.3 %.
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Figure 3.46: PEM fuel cell validation. Active power in W. Maximum error of 5.9 %.

3.6 Hydrogen Storage Tank

The general model for the hydrogen storage tank is presented in Figure 3.47. The inputs
of the model are the hydrogen production by the electrolyzer in lpm and the hydrogen
consumption by the PEM fuel cell in Ipm. The output is the tank level expressed in %,

Nm?3, kg or m?.
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Figure 3.47: Hydrogen storage tank model.

The general model is written in Simulink. Unlike the general model, Simulink model has
four inputs. These are: (¢) hydrogen production by electrolyzer, (i) hydrogen consumption
by PEM fuel cell, (iii) enable signal to charging tank and, (iv) enable signal to discharging
tank. The unique output of the model is the tank level in %, see Figure 3.49.

ELY - Flow Rate - [Ilpm]
ELY - Flow Rate - [lpm]

PEM - Flow Rate - [lpm]
PEM - Flow Rate - [lpm]
HST - Tank level - [%] 4@
HST - Charge Enable HST - Tank Level - [%]

HST - Charge Enable

HST - Discharge Enable

HST - Discharge Enable

Subsystem - HST

Figure 3.48: Hydrogen storage tank model.
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Figure 3.49: Hydrogen storage tank model.

The hydrogen tank has a capacity of 9 m3. The simulink model is validated with a

constant flow rate of 20 lpm . It is required supplying 7.5 h with a constant inlet flow of 20
Ipm of hydrogen to charge the tank from its minimum capacity (0 m?) until its maximum
capacity (9 m?) (See Figure 3.50).
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Figure 3.50: Hydrogen storage tank model. Charging - discharging hydrogen tank with a
constant flow rate of 20 Ipm.



Chapter 4

Control Strategy

4.1 Central Control System

In this chapter is proposed a strategy of control for the HuG and its Simulink model. This
block receives the state variables as inputs and computes the control signals as outputs.
In the next section are presented one by one the conditions to enable/disable the single
models. Furthermore, The control signals are described. To complete the calculations of
the integrated system without incurring in algebraic loops, variable initial values must be
set into the central control system CCS. The sections are organized in the following order.

Section (4.1.1) - Central control system.
Section (4.1.2) - WT system.
Section (4.1.3) - PV system.

Section (4.1.5) - PEM fuel cell.

(4.1.1)
(4.1.2)
(4.1.3)
Section (4.1.4) - Alkaline electrolyzer.
(4.1.5)
Section (4.1.6) - Hydrogen storage tank.

AR ANl ol S

The supervisory control of the CCS is presented in Figure 4.1.

71
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Figure 4.1: Central control system. Flow chart of model proposed.

In Sections 4.1.2 to 4.1.6 can be note the enable signals which allow the connection and
disconnection of the models (simulation of switcher breaks).

4.1.1 Central Control System

In the CCS all individual models are combined, exchanging the state variables through
the integrated structure. Figures 4.2 and 4.3 show inputs and outputs of the CCS system



CHAPTER 4. CONTROL STRATEGY

73

model and the implementation in Simulink respectively. Inputs and outputs are summa-
rized as below.

Inputs

PN O WD

PV System - Active power in kW.

PV System - Active solar irradiation in Wh/m?.
WT System - Active power in kW.

WT System - Wind speed in kW.

Load - Power demand in kW.

PEM fuel cell - Power produced in kW.

Alkaline electrolyzer - Power requested in kW.
Hydrogen storage tank - Tank level in %.

Outputs

S Gk

Enable signal to PV system.

Enable signal to WT' system

Enable signal to alkaline electrolyzer.

Enable signal to PEM fuel cell.

Enable signal to charging system of hydrogen tank.

Enable signal to discharging system of hydrogen tank.
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Figure 4.2: Central control system. Model proposed.
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Figure 4.3: Central control system. Simulink Model.
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In Simulink, the CCS is coupled with two additional subsystems: (i) Connection-
Disconnection control subsystem and, (it) ELY and PEM - Operation control subsystem,
see Figures 4.4 and 4.5 respectively. The first subsystem filters the connection and dis-
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connection of the systems under rapid fluctuations of the weather conditions. i.e. short
periods without wind or cloudy. The second subsystem avoids the simultaneous operation
of the electrolyzer and PEM fuel cell systems. When the electrolyzer is turned on the PEM
fuel cell is blocked instantaneously during all the operation of the electrolyzer, and in the
same way, when the PEM fuel cell is turned on, electrolyzer is blocked (turned off).

bleSyst: | 4 PY_EnableSystem

PVW_Enable_Output PV_Enable_Output PV E ¥

PV Subsystem - Connection-Disconnection Control Goto?

WT_Enable_Output | WT_Enable_Output WT_E ystem < WT_EnableSystem
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ELY_Enable_Output »|ELY_Enable_Output ELY_Enable_System ELY_EnableSystem
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PEM_Enable_Output PE M_Enable_Output PEM_Enable_System PEM_EnableSystem
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ELY and PEM - Operation Control

Figure 4.4: Central control system. Connection-Disconnection control.
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Figure 4.5: Central control system. ELY and PEM - Operation control subsystem.
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4.1.2 Wind Turbine System

The simplified model of the wind system is activated according to the wind conditions. It
is connected to the grid at the PCC when the wind speed is higher than 5 m/s and lower
than 30 m/s, over a period of time of 500 s. Then, in this interval of wind speeds the WT
may exchange active power to the grid or supply the alkaline electrolyzer. The model is
disconnected commanding the enable signal. It switches to 0 the output, i.e. the active
power, see Figure 4.6.

3) B WT - Wind Speed - [m/s]  WT - Active Power - [<W] ;
WT - Wind Speed - [m/s] CBoWT WT - Active Power - [KWW]

Subsystem - WT

Figure 4.6: Simplified model of wind turbine system. Simulink Model.

4.1.3 Photovoltaic System

Analog to the wind turbine model, the photovoltaic model is enabled when the solar ir-
radiation is higher than 100 Wh/m? over 500 s. In the same manner it may exchange
active power either with the local demand or the electrolyzer. To disconnect the system
the output is switched to 0 through the enable signal. See Figure 4.7.

[PV_Enable]

1 ¥ PV - Solar Iradiation - W h/m2] From
PV - Solar Irradiation - [Wh/m2
[Wh ] PV - Active Power - [KW] | %
PV - Active Power -
2 »{ PV - Temperature - [C] CB-PV KW
PV -Temperature - [C]
Subsystem - PV

Figure 4.7: Simplified model of photovoltaic system. Simulink Model.

4.1.4 Alkaline Electrolyser

Electrolyzer is switched On when the following conditions are satisfied: (7) the sum of the
power produced by the wind turbine Py and photovoltaic system Ppy are higher than the
power demanded Pr,,q and the minimum operating power of the electrolyzer ng@, over
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an average of 500 s. (77) the level of charge of the hydrogen tank is between its minimum
and maximum capacity. Conditions (4.1) and (4.2) shows the primary conditions to turn
On the electrolyzer.

Ppy + Pwr >= Progd + szl;n (4.1)
HST™™ < HSTy ey < HSTMY) (4.2)

Once satisfied both of these conditions the electrolyzer is switched on and in a safe
condition the PEM fuel cell is automatically blocked (switched off). To turn off the elec-
trolyzer the primary conditions are expressed by conditions (4.3) (over a period of time
higher than 500 s), (4.4) and (4.5).

Ppy + Pwr < Ppoad + Pgﬁf*) (4.3)
HSTpeper > HSTMY) (4.4)
HSTpepe < HSTM) (4.5)

Being ngif) and szgﬁ) the 20 % and 15 % of the rated power of the electrolyzer
respectively. In Figure 4.8 is presented the simulink model. It is disconnected switching to
0 the input of the model, i.e, power requested by the electrolyzer.

3
ELY - Power Requested - [KW]

= FE— + B e
Fromz2
L ELY- SeokVoliage- Mf—————————— »  ELY_StackValtage
ELY- Nominal Stack Fower - W] ELY - Stack Fower - JOW] x ELY-Fower- W]
cB-ELY ELy- B » ELY
Subsyatem - FEM - Pows Cantral Seturationt
ELV - FowRiate - [pm] NE
ELY - Flow Rate - (lpm]

Subsystem - ELY

Figure 4.8: Alkaline electrolyzer. Simulink Model
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4.1.5 PEM Fuel Cell

The primary conditions to switch On the PEM fuel cell are: (7) the tank level is as con-
dition (4.2), (7)) the sum of Py and Ppy is lower than Pp,qq4, over an average of 500 s.
(7i) demand to satisfy is higher than the minimum operating power of the PEM fuel cell

ng]\r}*). See conditions (4.6) and (4.7) respectively.

Ppy + Pwr < Proad (4.6)
PI(DTEZ]\T}) < PrLoad (47)

In the same way of the electrolyzer, when the PEM fuel cell is switched on the elec-
trolyzer is automatically blocked (turned off). To turn off the electrolyzer: (i) tank level
of hydrogen is out of its minimum or maximum value as conditions (4.4) and (4.5), (i7) the
sum of Py and Ppy is higher than Pr,.q, over an average of 500 s. (i7) demand to satisfy
is lower than the minimum operating power of the PEM fuel cell PI(D%ZAZ). Conditions (4.8)
and (4.9) respectively.

Ppy + Pwr > Proad (4.8)
PJ(DT«‘;ZC[*) > PLoad (49)

The enable signal is shown in Figure 4.9.

>
Froms
PEM - Power Produced- IV »( =)
PEM - Fiel Rate - ip —E—b FEW - Fusl Rae -] PEN - Powsr Produced - [KW]
CB1-PEM FEM - Sck \oltage- V] »- PEM |
Sutsystam.. PEM - Hyarogen Consumtion —
FEI- Input Siack Current - [4] GoioB
cez-PEM PEM - Hydrogen Consumpson - [4] B |
Gown 1o

Subsystem - PEM

PEM - Nominal Stick Curent-A  FEM - Sack Cument-A|

Subsystem - PEM - Current Control

Figure 4.9: PEM fuel system. Simulink Model.
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The values of P}’g’ﬁ\} and PI(D%ZCI*) are choosen as the 20 % and 15 % of the rated power
of the PEM fuel cell respectively. In Figure 4.9 is presented the Simulink model. It is
disconnected switching to 0 the inputs of the model, i.e, fuel rate of hydrogen consumption
and stack current of the PEM fuel cell.

4.1.6 Hydrogen Storage Tank

The hydrogen storage tank may operate between the 10 % and 95 % of its capacity. As
mentioned before, it is controlled by the state of charge of the electrolyzer and the PEM
fuel cell. When the state of charge of the tank reaches its maximum capacity and the
electrolyzer is producing hydrogen (electrolyzer on), electrolyzer is turned off. While in
the case of the PEM fuel cell, when it is producing power i.e. consuming hydrogen (PEM
fuel cell on) and the tank level decreases until its minimum capacity, the PEM fuel cell is
turned off.

The tank model has two enable signals. The first one allows to active the charging
system of the tank, while the second one actives the discharging system. See Figure 4.10.

P ELY - FlowR ate - [lpm]

P PEM - Flow Rate - [lpm]

HST - Tank level - [%]

HST - Tank Level - [%]
[HST_ChargeEnable] HST -C harge E nable

Fromd

[HST DischargeEnable] > p»{HST -Discharge Enable

Fromb

Subsystem - HST

Figure 4.10: Hydrogen storage tank. Simulink Model.



Chapter 5

Simulation Description and
Results

5.1 Introduction

The main goal of this chapter is to simulate the operation of the HuG as much as possible
close to the reality. The main focus is the description of the integration of the models in
order to perform a global system simulation. The outline of the chapter is the following one:

Global model: Integration of single models to the central control system (CCS).
Testing global model: Validation with load profile.

Analyzing validation load profile under different scenarios.

Case of study 1 (realistic case): Variable load profile.

Case of study 2 (realistic case): Static load profile.

Analyzing performance of the global model.

S Gtk e

5.2 Integration of Models to CCS

The global model of the HuG and its Simulink scheme are presented in Figures 5.1 and
5.2. As we can see, the model is composed by eight submodels. The CCS receives infor-
mation simultaneously from six subsystems as shown in Figure 5.1: (7) wind turbine, (47)
photovoltaic, (i) load, (iv) grid, (v) hydrogen tank and (vi) fuel cell. At the same time,
CCS commands the electrolyzer subsystem.

80
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Figure 5.1: Global model. Integration of single models to
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Figure 5.2: Global model. Simulink model

The Simulink model shown in Figure 5.2 is composed basically by four sub systems:
(7) input signals block which groups all the signals intended like inputs of the HuG, i.e
RES and demand curve, (i7) HuG submodel which includes the integration of all subsys-
tems composing the hydrogen system (PEM fuel cell, hydrogen storage tank and alkaline
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electrolyzer), (7i) control strategy subsystem which commands the whole hydrogen system
and (7v) routing signals block to sent data to the scopes or Matlab-workspace.

Once the hydrogen system is integrated with the microgrid, the RES sources are con-
nected to the medium voltage level utility grid at the point of common coupling (PCC).
In this point, the power balance is figured out like the difference between all the loads
(demand curve and electrolyzer) and all the power produced (RES and PEM full cell). In
Figure 5.3 is shown the power balance scheme in Simulink, which can be described math-
ematically by Eq. (5.1).

Parip = Proap — Pocen = Proap — Ppv — Pwr + Pery — Ppem (5.1)

LOAD_PowerDemand

From2

PV_ActivePower

From

WT_ActivePower

- | S GRID_ActivePower
+

Goto

YYVYYVYY

From1

Add
ELY_PowerRequested

From14

PEM_PowerProduced

From15

Figure 5.3: Power exchange at the point of common coupling (PCC).

In Eq. (5.1) Pgrip > 0 when Proap > Pgen, whereas Pgrrp < 0, the sources of
power generation are: (i) PV system, (i) WT system and, (éii) PEM fuel cell. The loads,
instead, are positive: (iv) power demanded and (v) alkaline electrolyzer. In Eq. (5.1) some
considerations can be done:

1. Pgrrp = 0: Absolute equilibrium between the load demand, the power produced by
the RES and the contribution of the hydrogen system.

2. Pgrrp > 0: Independently of the contribution of the hydrogen system and the RES,
the grid is necessary for meeting the demand.
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3. Pgrip < 0: The HuG is injecting power into the grid.

Figure 5.4 presents the scheme in Simulink of the HuG. On the top-left of the figure,
there is the load and two distributed power generations: PV and WT subsystems. On the
right and on the bottom are positioned the alkaline electrolyzer and the PEM fuel systems,
respectively. These are connected to the hydrogen storage tank which is positioned on the
bottom-right. All the power signals are routing to the subsystem Grid - Power exchange
positioned on the middle of the top-right and presented previously in Figure 5.3.

B

LOAD PV - Active Power - [KW]

\WT - Active Power - [kW]  GRID - Power Flow - [kKW]

PV - Active Power - [kWJl

ELY - Active Power - [kW]
PV System

PEM - Active Power - [kW]

Power Flow

ELY - Power -[kW] ELY - H2 Produced - [lpm]

WT - Active Power - [kW]

Wind Turbine Alkaline Electrolyzer

PEM - Power Produced - [kW] PEM- H2 C: ion - [lpm] PEM-H2C ion - [lpm]  ELY - H2 - [ipm]

PEM Fuel Cell Hydrogen Storage Tank

Figure 5.4: Global model. HuG subsystem.

5.3 Testing Global Model

In this section the global model is tested by using a test profile. Once the integrated model
has been completed, its performance is assessed by means of representative simulations.
The simulations are performed under variable wind speed and solar irradiation conditions
with a validation load profile considering different scenarios, in order to demonstrate the
operation of the whole hydrogen system, i.e. (i) alkaline electrolizer, (i) PEM fuel cell
and (#77) hydrogen storage tank. The scenarios selected for the assessment are summarized
below:

Scenario 1: Extremely favorable wind condition.
Scenario 2: Extremely favorable solar irradiation condition.
Scenario 3: Both favorable wind and solar irradiation condition.
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Scenario 4: Scarce wind speed.
Scenario 5: Scarce solar irradiation.
Scenario 6: Both scarce wind and solar conditions.

The expected operation of the components is a leading role for the alkaline electrolyzer
in Scenarios 1, 2 and 3. In contrast, in Scenarios 4 and 5, it is expected an intermit-
tent operation of the electrolyzer. For the PEM fuel cell, it is not probable to be activated
in Scenarios 1 to 5, while in Scenario 6 its operation should be predominant.

Subsections 5.3.1 to 5.3.6 outline the simulations performed under a validation load
profile. The solar irradiation and temperature of the PV system and the the wind speed of
the WT system data have been created randomly, and then, they were processed to select
six types of representative scenarios.

5.3.1 Validation load profile

The validation hourly load profile is one input of the CCS. It is presented in Figure 5.5.
This profile is a characteristic case of a residential load which is composed by 2 peaks
during a period of 24 h, i.e, 20 kW at 8 h and 18 kW at 17 h. The energy demand during
the day is 12.35 kWh and the time stamp of the validation profile is 40 min.

25

N - [N)
o (9] o

LOAD - Active Power - [kW]

(%))

0 5 10 15 20
Time - [h]

Figure 5.5: Validation load profile. Active power in kW.
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5.3.2 Photovoltaic system

Hourly data of solar irradiation on the horizontal plane and temperature getting from a
previous in the laboratory are presented as inputs of the PV system, see Figure 5.6. As
mentioned before, the unique output of the simplified PV system is the active power pro-
duced as shown in Figure 5.7. The energy produced during the day is 5.37 kWh and the
profiles of solar irradiation and temperature have been chosen strategically in order to have
with the photovoltaic system an energy production about the 50% of the demand curve.

1000 40
900 38
-
£ 800 %6
= —
2, 700 g3
' & 32
= «<
£ 500 g
£ 28
= 400 [E:
P = 26
(=}
S 300 >
200
z 22
100 20
0 18
0 5 10 15 20 0 5 10 15 20
Time - [h] Time - [h]

Figure 5.6: Inputs of photovoltaic system. (a) Solar irradiation in Wh/m? and () Tem-
perature in °C.

25

(kW]
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Figure 5.7: Output of photovoltaic system. Active power in kW.
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5.3.3 Wind turbine system

The wind turbine model has one input (wind speed) and one output (active power pro-
duced). The profile of the wind speed has been build from experimental data obtained
in a previous work in the laboratory. It is almost constant over the rated speed of the
wind turbine. In the same way that the photovoltaic system, the wind turbine system
produces 5.38 kWh contributing with the another 50% of the demand curve. The input
and the output of the wind turbine model are presented in Figures 5.8 and 5.9, respectively.

- - -
» (o2} © o N »

WT - Wind Speed - [m/s]

N

0 5 10 15 20
Time - [h]

Figure 5.8: Input of wind turbine system. Wind speed in m/s.

WT - Active Power - [kW]
il - N N w w
o [$)] o (4] o (9]

(9]

0 5 10 15 20
Time - [h]

Figure 5.9: Output of wind turbine system. Active power in kW.
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5.3.4 Alkaline electrolyzer

The performance of the electrolyzer is managed by the CCS. Figure 5.10 shows the elec-
trolyzer power input, whereas the response of the system under the validation load profile
is presented as follows: Figure 5.11 shown (a) the stack voltage, (b) the stack current and
(¢) the operational temperature, whereas Figure 5.12 presents (a) the flow rate and (b) the
hydrogen production.

In Figure 5.10 (a), during the first 8 h the electrolyzer works at its minimum power
(10% of its rated capacity, i.e. 0.8 kW) and charges the hydrogen storage tank, then, after
8 h there is an operation at the rated power (8 kW) due to the increase of RES over the
midday hours. After 14 h the hydrogen storage tank reaches its maximum level (95 % out
of 7 m3 of its capacity) and the electrolyzer is turned off, see figure 5.12 (b). The energy
requested by the electrolyzer during the day is 2.12 kWh.

15

(kW]

-
o

(9]

!VI

0 5 10 15 20
Time - [h]

ELY - Power Requested -

e
o

Figure 5.10: Input of alkaline electrolyzer. Active power requested in kW.

The response of the electrolyzer is reported in Figure 5.11 and 5.12. When it is operating
at its the rated power, the electrical values are: nominal voltage 45 V, nominal current 130
A and H, production 21 lpm. We can note a constant operating temperature at 30°C.
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Figure 5.11: Outputs of alkaline electrolyzer. (a) Stack voltage in V, (b) Stack current in
A and (¢) Operational temperature in °C.
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Figure 5.12: Outputs of alkaline electrolyzer. (a) Flow rate in lpm and (b) hydrogen

production m?3.

5.3.5 PEM fuel cell

The validation of the PEM fuel cell is reported in Figure 5.13, which shows the inputs of
the system, i.e., (a) the flow rate and (b) the hydrogen consumption, whereas the outputs
of the system are presented in Figure 5.14. Figure 5.14 (a) shows the power produced,
Figure 5.14 (b) the stack voltage and Figure 5.14 (c¢) the stack current.
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In figure 5.13 (a) we can note the PEM fuel cell works during 1.5 h out of 24 h, where
it consumes the Hs available into the hydrogen storage tank until it reaches its minimum
capacity (10 % of 7 m?), see Figure 5.13 (b). During this short period of 90 min the PEM
fuel deliveries 6.66 kWh corresponding to 0.41 kWh during a period of 24 h as shown in
Figure 5.14 (a). The voltage of the PEM fuel cell is almost constant and about 80 V
whereas the current follows the power requested to reach the demand, see Figure (b) 5.14
and (c) 5.14, respectively.
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Figure 5.13: Input of PEM fuel cell. (a) Flow rate in lpm and (c¢) hydrogen consumption

in m3.
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Figure 5.14: Outputs of PEM fuel cell. (a) Stack voltage in V, (b) Stack current in A and
(¢) Power produced in kW.
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5.3.6 Hydrogen storage tank

The outputs of the hydrogen tank are presented in Figure 5.15: (a) the Hj level in % and
(b) the tank level in m3. If the tank is charging, the tank level increases until it reaches
the 95 % of its capacity (6.5 m?), whereas when the tank is discharging, it decreases until
the 10 % of its minimum capacity (0.7 m3). The capacity of the tank has been chosen 7
m3 in the validation case, in order to charge until its maximum level (6.5 m?) in 5.5 hours
with a constant inlet flow of hydrogen of 20 Ipm.
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Figure 5.15: Outputs of hydrogen storage tank. (a) Hz level in % and (b) Hy level in m?>.

5.3.7 Grid

The power balance at the PCC' is presented in Figure 5.16. As mentioned before in Sec-
tion 5.2 when the Pgrrp < 0 the HuG is injecting power into the grid, whereas, when
Porrp > 0 a grid power contribution is necessary to meet the demand curve. In the figure
is noted during the first 5 hours a small contribution of the grid due to the presence of the
RES. Hours later (midday) when the power produced by the photovoltaic system reaches
its peak, it is reported an exchange of power with the grid. Finally, in the last part of the
day (night hours) when there is not solar irradiation, the quantity of power requested from
the grid is almost the power demand.
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Figure 5.16: Grid. Active power exchange with the grid in kW.

5.3.8 Performance of HuG

The performance of the Hu G under a validation load profile is summarized in Figure 5.17.
The blue line shows the demand profile, the light blue line the power generated from the
RES coupling with a hydrogen system and the purple line presents the power generated
without the hydrogen system. When the hydrogen system is installed, we can note a con-
stant reduction of the power exchanged with the grid over the operating period of the
electrolyzer (from 0 h until 16 h). During the fist 6 hours the value of the energy generated
from RES is few and the electrolyzer works at is minimum capacity. Then, during the
earlier hours, the response of the system with and without hydrogen system are almost the
same.

At midday (between 9 h and 14 h), when the power generated from the photovoltaic
system plays an important role, the electrolyzer tends to work at is rated power. Then, in
this period the level of the hydrogen storage tank reaches its maximum capacity. After,
between 14 h and 17 h, with the presence of the hydrogen system, there is an equilibrium
of the power flow (Pgrrp = 0) due to the response of the PEM fuel cell: over this period,
the demand is reached by the sum of the power generated from the RES and the PEM
fuel cell. Finally, in the nights hours (after 18 h), the hydrogen storage decreases until
its minimum capacity and the PEM fuel cell is turned off. Being during the night a poor
production of power from the photovoltaic system, the electrolyzer cannot be turned on,
and as a consequence the demand curve is meet mainly by the contribution of the grid.
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Figure 5.17: Integrated System Simulation. Confronting performance of the system with-
/without hydrogen system. Active power exchange with the grid in kW.

5.4 Analyzing Validation Profile

Figure 5.18 shows the power flow of the HuG at the PCC. As a result, the power de-
manded can be completely fulfilled during the whole simulation. The operation of the
alkaline electrolyzer and the PEM fuel is not simultaneously: in other words, when the
electrolyzer is powered, the PEM fuel cell cannot produce active power and vice versa.
Furthermore, with a surplus of power produced by WT and PV systems, it is allowed
the injection of power into the grid only when the surplus is higher than the rated power
of the electrolyzer. Then, the performance of the global model is as expected and we can
see the hybrid configuration adapts to the grid requirements during most of the simulation.
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Figure 5.18: Global model of HuG. Response to validation load profile. Power flow at PCC

with active power in kW.

To evaluate the performance of the model it is necessary to study different scenarios.
Figure 5.19 presents the match between the load and the power generated by primary
sources, i,e. WT and PV system. Then, it is possible to classify the six different scenarios

mentioned before in Section 5.3.
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Figure 5.19: Global model of HuG. Validation load profile. Classifying different scenarios.

As we can see, between 3.43 h and 8.67 h there is a extremely wind favorable condition
which correspond to Scenario 1. Above midday hours, between 10.23 h and 13.08 h it
is possible to find the same extremely favorable condition to the PV system which cor-
responds to Scenario 2. Scenario 3 could be found between 12.88 h and 14.40 h when
there are high values of solar irradiation and wind speed over the same period. Regarding
the least favorable conditions, Scenario 4 can be established from 11.47 h until 12.81
h, while over the early and later hours when there is not sun Scenario 5 may be easily
found (before 6.92 h and after 15.92 h, respectively). Finally, Scenario 6 corresponding
to a wind and solar irradiation and being the most critical, can be found over the period
compressed in the time 19.66 h and 22.23 h .

Figures 5.20 and 5.21 show the first and second scenario respectively. In these condi-
tion are expected: on one hand, an operation of the alkaline electrolyzer, and on the other
hand, the PEM fuel cell should be not operated. However, the value required to meet
the power demand is essential to perform the operation of the hydrogen absorption/con-
sumption system. Moreover, if there is an extremely favorable conditions of wind or solar
irradiation and if the power demand requested is higher than power generated by primary
sources, the PEM fuel system may contribute to meet the demand.
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5.4.1 Scenario 1

In the most favorable wind condition there is a constant operation of the electrolyzer, as is
shown in Figure 5.20. Between 3 h and 7.5 h the electrolyzer is operated at its minimum
power (0.8 kW) even when the power demand is higher or equal than the power generated
from the WT system above a mean of 500 s. Further later, at 6.5 h, occurs an increase of
the power generated from the PV system, then, there is a surplus of power respect to the
demand and as consequence the electrolyzer stars to produce hydrogen with a higher flow
rate. About 8 h the hydrogen storage tank is charged quickly from 0 % to 20 % in 1.8 h.
However, between 8.7 h and 8.9 h, there is a great decline of the wind turbine contribution
being its power generated 0: in this moment, the electrolyzer is turned off until there are
good enough wind conditions at 8.9 h. We can also note, in this scenario the PEM fuel
cell is not operated.
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Figure 5.20: Global model of HuG. Validation load profile. Scenario 1. Extremely favorable
wind conditions.

5.4.2 Scenario 2

Figure 5.21 corresponds to the favorable solar irradiation conditions. As expected, there
is a prominent operation of electrolyzer. Considering this period with a power production
from PV system higher than the power demanded, we can see a constant operation of the
electrolyzer, even at its rated power (8 kW) over much of the period. The hydrogen tank
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is charged at its maximum capacity (95 %). In this case a power exchange into the grid
is noted when the surplus is higher than the rated power of the electrolyzer. Being the
midday hours the most favorable period for the operation of the photovoltaic system, over
all this period, there is a constant exchange of power with the grid. The fuel cell, instead,

is not operated.
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Figure 5.21: Global model of HuG. Validation load profile. Scenario 2. Extremely favorable
solar conditions.

5.4.3 Scenario 3

For both wind and solar irradiation favorable conditions, the electrolyzer should be con-
stantly operated while the PEM fuel cell should be disabled. Between 12.5 h and 14.5 h
there is a high density of power generated from renewable sources and the hydrogen tank
is charged until its maximum level (95 %). Over much of the period, the electrolyzer works
at its rated power and power is injected into the grid as well.
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Figure 5.22: Global model of HuG. Validation load profile. Scenario 3. Both wind and
solar irradiation favorable conditions.

5.4.4 Scenarios 4 and 5

Figure 5.23 to Figure 5.25 show poor conditions of wind and solar irradiation, respectively.
In these conditions is expected an intermittent operation of the fuel cell, while the elec-
trolyzer should not be considered. Moreover, it is not probable the power injection into
the grid. Hydrogen tank tends to discharge constantly.

In Figure 5.23 is noted some periods with poor wind speed and a decreasing trend of
the solar irradiation, determining the operation of the PEM fuel cell: (a) 14.4 - 14.6 h (b)
14.7 - 14.8 h (¢) 14.9 - 15 h and (d) 15.4 - 15.7 h. In contrast, in Figures 5.24 and 5.25
are noted poor values of solar irradiation, referred to early hours (before 7 a.m) and later
hours (after 5 p.m) respectively when the sun is not available: in these cases, there is not
a predominant production of hydrogen.

In both scenarios, the performance of the system follows the same way: (i) no operation
of electrolyzer (ii) power supply to load from fuel cell according to state of charge of tank
and (i77) no power exchange with the grid. It is evidenced that even though distributed
generators are not protagonist, demand is met mainly with the modest response from wind
and solar systems and the capability of fuel cell.
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Figure 5.23: Global model of HuG. Validation load profile. Scenario 4. Scarce wind

condition.
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Figure 5.24: Global model of HuG. Validation load profile. Scenario 5a. Scarce solar
irradiation condition at early hours.
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Figure 5.25: Global model of HuG. Validation load profile. Scenario 5b. Scarce solar
irradiation condition at later hours.

5.4.5 Scenario 6

For the most critical situation which is show Figure 5.26, there are poor wind speed and
solar irradiation conditions. In this case the electrolyzer has not to be operated, while the
fuel cell is available to supply the load when there is a backup of hydrogen in the tank. The
scenario does not expect a power injection into the grid. The power generated from wind
turbine and photovoltaic systems in null. Electrolyzer is turned off and the PEM fuel cell
does not produce power. However, in the worst case, the PEM and fuel cell may produce
active power according to the presence of hydrogen in the tank.
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Figure 5.26: Global model of HuG. Validation load profile. Scenario 6. Both wind and
solar irradiation scarce conditions.

5.5 Case of studies

In the Section 5.6 and Section 5.7 are presented the two case studies based on load pro-
files measured in two days in an electrical substation of the Politecnico di Torino. The
profiles correspond to: (7) variable load and (i7) static load. The power produced by the
primary sources, i.e, PV and WT systems is the same as the ones previously presented in
Chapter 3 for validation purposes. Then, in the follow are presented the responses of the
electrolyzer, hydrogen tank and the PEM fuel cell for each case. Moreover, it is presented
the power power flow of the G (model without integration of hydrogen system) and HuG
(model with integration of hydrogen system) at the PCC. The results obtained for both
cases are reported in the figures shown below. The outline of the section is in both cases
the following one:

Load profile

Alkaline electrolyzer.
PEM fuel cell.

Hydrogen storage tank.
Grid.

Performance of the HuG.

SO W=
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5.6 Case of Study 1 - Variable Load

5.6.1 Load

The variable load profile is presented in Figure 5.27. The profile varies quickly from 0 to
22 kW over all the period. The energy demand during the day is 11.41 kWh.
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Figure 5.27: Case of study 1: Input of the system (variable load profile). Active power in
kW.

5.6.2 Alkaline electrolyzer

Figure 5.28 shows the power requested by the electrolyzer under a variable load profile.
The response of the system is reported as follows: Figure 5.29 shows (a) the stack voltage,
(b) the stack current and (c¢) the operational temperature, whereas Figure 5.30 presents
(a) the flow rate and (b) the hydrogen production.

The power supply of the electrolyzer depends of the power balance at the PCC. If the
power produced from the RES is higher than the demand curve, the electrolyzer could be
supplied. In Figure 5.28 (a), during the first 15 h the electrolyzer is powered with a variable
supply due to the nature of the demand curve. Until 15 h, it works in all its operation
range (between 0.8kW and 8kW), then, the hydrogen storage tank reaches its maximum
level (95 % out of 12 m3 of its capacity) and the electrolyzer trends to be turned off, or in
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the best case, to operate at its minimum power, see figure 5.30 (b). The energy requested
by the electrolyzer during the day is 2.77 kWh.
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Figure 5.28: Case of study 1: Input of the alkaline electrolyzer system with a variable load
profile. Active power requested in kW.

The operating voltage and current of the electrolyzer are reported in Figure 5.29 (a)
and Figure 5.30 (b), respectively. During the first 16 h the power supply of the electrolyzer
is variable; then, it operates between 10-55 V and 10.5-150 A in order to meet the power
demand. After 16 h, the role of the electrolyzer is not predominant and it has an inter-
mittent operation and it is turned off twice. Then, it works at open voltage (16.5 V) with

IJ(ES?Y = 0. In Figure 5.29 (¢) we can note a constant operating temperature of 30°C.
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Figure 5.29: Case of study 1: Response of the alkaline electrolyzer system under a variable
load profile. (a) stack voltage in V, (b) stack current in A and (c¢) operational temperature

in °C.

The Hy production follows the power requested and it depends of the availability of
power from the RES and the demand curve. In other words, the flow rate varies according
to the variance of the power requested, producing maximum 24.7 Ilpm as shown in Figure
5.30 (@). In the early hours (before 8 h) there is only a contribution of the wind turbine
system, whereas the contribution of the photovoltaic system is null: then, hydrogen tank
level increases with a low slope. After 9 hours (until 15 h), when the photovoltaic power
appears, the slope of Hy production increases drastically until the capacity of the hydrogen
tank is full. Finally, in the night hours, the electrolyzer production is almost null due to
the poor availability of solar energy or the hydrogen tank full field, see Figure 5.30 (b).
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Figure 5.30: Case of study 1: Response of the alkaline electrolyzer system under a variable

load profile. (a) flow rate in Ipm and (b) hydrogen production in m?.

5.6.3 PEM fuel cell

The response of the PEM fuel cell with a static load profile is reported as follows: Figure
5.31 shown the inputs of the system, i.e., (a) flow rate and (b) hydrogen consumption,
whereas the outputs of the system are presented in Figure 5.32 and summarized as: (a)
power produced, (b) stack voltage and (¢) stack current.

In Figure 5.31 (a) we can observe the PEM fuel cell working about 4 hours (between
16 h out of 20 h), until it reaches the minimum capacity of the hydrogen tank (10 % out
of 12 m3), see Figure 5.31 (b). The energy consumed by the PEM fuel cell during the day
is 0.57 kWh, as shown in Figure 5.32 (a). The voltage of the PEM fuel cell is almost con-
stant and about 80 V except for the period when it is operating, (voltage level oscillating
from 40-130V), see Figure 5.32 (b), whereas the current, when the PEM fuel cell produces
energy, it changes between 0-145A, as shown in 5.32 (c).
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Figure 5.31: Case of study 1: Input of the PEM fuel cell system with a variable load
profile. (a) flow rate in Ipm and (b) hydrogen production in m3.
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Figure 5.32: Case of study 1: Response of the PEM fuel cell system under a variable load
profile. (a) stack voltage in V, (b) stack current in A and (¢) power produced in kW.
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5.6.4 Hydrogen tank

In Figure 5.33 (a) and (b) are reported the hydrogen tank level in % and m?, respectively.
It is noted in the first part of the day the tank level increases until it reaches the 80 % of
its capacity (9.9 m?) due to the operation of the electrolyzer, whereas in the last part (at
15 h), it decreases drastically until reaching the minimum level (10 % out of 12 m?) due
to the contribution of the PEM fuel cell to meet the demand (when the power from RES
is not available in higher quantities).
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Figure 5.33: Case of study 1: Response of the HST system under a variable load profile.

(a) tank level in % and (b) tank level in m?.

5.6.5 Grid

For the case with a variable load profile, the power balance at the PCC' is presented in
Figure 5.34. In the figure is noted during the first 7 hours a few contribution of the grid
due to the presence of the RES. About midday hours there is an exchange of power with
the grid due to the presence of the peak of the photovoltaic system. We can see between 16
h and 18 h a short period exchanging power with the grid, it is due to the contribution of
the PEM fuel cell to meet a power demand with a high dynamic (variable load). Finally,
after 18 h, there is not solar irradiation and only the grid has to meet the power demand.
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Figure 5.34: Case of study 1: Power exchange of the HuG with the grid under a variable
load profile. Power flow at PCC in kW.

In Figure 5.35 the response of all components composing the HuG is summarized: (a)
demand curve and grid contribution, (b) power generated from RES (wind turbine and
photovoltaic systems), (¢) hydrogen system (alkaline electrolyzer and PEM fuel cell) and
(d) level of hydrogen storage tank. The energy demands per day are reported as follow:
(7) load: 11.41 kWh, (i7) grid contribution 2.85 kWh, (#) wind turbine system: 5.38 kWh,
(7v) photovoltaic system: 5.37 kWh, (v) alkaline electrolyzer: 2.77 kWh and (vi) PEM fuel
cell 0.57 kWh.

In the first case (variable load profile), it is consumed the 25.76 % (2.77 kWh) of the
total energy obtained from the RES (10.75 kWh) to operate the electrolyzer, in order to
produce Hs which could be a fuel to the PEM fuel cell in a second moment. Moreover,
0.57 kW are returned from the PEM fuel cell to meet the power demand. Then, delivering
25.76 % of the power generated from the RES to supply the hydrogen system, 5.30 % can
be recovered when there are not good enough environmental conditions to produce energy
with the RES.
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Figure 5.35: Case of study 1: Response of the HuG under a variable load profile. Power
flow at PCC in kW.

5.6.6 Performance of HuG

The performance of the HuG under a variable load profile is reported in Figure 5.36. In
Figure 5.36 (a), the first 6 h, we cannot not observe a higher difference between the response
of G (without hydrogen system) and the HuG (with hydrogen system) and both profiles
are almost the same. In Figure 5.36 (b), between 6 h and 8 h, it is noted a reduction of the
power exchanged with the grid when the hydrogen system is installed, due to the power
consumed in the operation of the electrolyzer (in this period the peak of the photovoiltaic
system occurs and the electrolyzer can be powered). The operation of the PEM fuell cell
occurs between 16 h and 18 h: in this period, it is noted a smaller contribution from the
grid to meet the power demand, as a consequence of the presence of the PEM fuel cell.
Finally, in Figure 5.36 (c), after 19 h, the contribution of the RES is few and the hydrogen
tank is discharged, then, the behavior of the uG and the HuG is the same.
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Figure 5.36: Case of study 2. Confronting performance of the system with/without hydro-
gen system under a variable load profile. Active power exchange with the grid in kW.

5.7 Case of Study 2 - Static Load
5.7.1 Load

The second case is the static load profile, as shown in Figure 5.37. The profile is charac-
terized by a constant demand curve about 10.5 kW with some transitory peaks of 20 kW.
The energy demand during the day is 10.22 kWh.
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Figure 5.37: Case of study 2: Input of the system (static load profile). Active power in
kW.

5.7.2 Alkaline electrolyzer

With a static load profile we can note easily three behaviors, see Figure 5.38 (a): (7) during
the first part of the day (until 8 hours) the electrolyzer operates constantly at its minimum
power (0.8 kW), (i) after that (when photovoltaic power comes), between 8 h until 15 h,
it works at its maximum power (8 kW) and (#77) in the last part of the day (after 15 h) the
electrolyzer is turned off. In this case (static load) the electrolyzer works as expected and
there are not abnormal behaviors for discussing. The energy requested by the electrolyzer
during the day is 2.59 kWh.
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Figure 5.38: Case of study 2: Input of the alkaline electrolyzer system with a static load
profile. Active power requested in kW.

The response of the electrolyzer is reported in Figure 5.39 and 5.40. We can note: (%)
when the electrolyzer works at its minimum power (until 8 h) we have operating voltage
17.53 V, operating current 33.31 A and Hs production 0.37 lpm. When the electrolyzer
works at its maximum power (between 7 h and 75 h) we have operating voltage 45 V, oper-
ating current 130 A and Hs production 20.9 lpm. In both cases the operating temperature
is 30°C.
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Figure 5.39: Case of study 2: Response of the alkaline electrolyzer system under a static
load profile. (a) stack voltage in V, (b) stack current in A and (c¢) operational temperature

in °C.
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Figure 5.40: Case of study 2: Response of the alkaline electrolyzer system under a static

load profile. (a) flow rate in Ipm and (b) hydrogen production in m?.

5.7.3 PEM fuel cell

The response of the PEM fuel cell with a static load profile is reported as follows: Figure
5.41 shown the inputs of the system: (a) flow rate and (b) hydrogen consumption, whereas
the outputs of the system are presented in Figure 5.42 and summarized as: (a) power
produced, (b) stack voltage and (¢) stack current.

In Figure 5.41 (a) and (b) we can observe the PEM fuel cell working about 3 hours
(between 15 h out of 18 h), until it reaches the minimum capacity of the hydrogen tank
(10 % out of 12 m?3). The energy consumed by the PEM fuel cell during the day is 0.52
kWh, as shown in Figure 5.42 (a). The voltage of the PEM fuel cell is almost constant
and about 80 V except for the period when it is operating, (voltage level oscillating from
40-120V), see Figure 5.42 (b), and for the current, when the PEM fuel cell produces energy,
it changes between 0-145A, as shown in 5.42 (c).
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Figure 5.41: Case of study 2: Input of the PEM fuel cell system with a static load profile.

(a) flow rate in Ipm and (b) hydrogen production in m3.
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Figure 5.42: Case of study 2: Response of the PEM fuel cell system under a static load
profile. (a) stack voltage in V, (b) stack current in A and (¢) power produced in kW.
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5.7.4 Hydrogen tank

In Figure 5.43 (a) and (b) are reported the hydrogen tank level in % and m3, respectively.
It is noted in the first part of the day the tank level increases until it reaches the 80 % of
its capacity (9.9 m?) due to the operation of the electrolyzer, whereas in the last part (at
15 h), it decreases drastically until reaching the minimum level (10 % out of 12 m3) due to
the contribution of the PEM fuel cell to meet the demand, when power from RES is not
available in higher quantities.
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Figure 5.43: Case of study 2: Response of the HST system under a static load profile. (a)

tank level in % and (b) tank level in m?3.

5.7.5 Grid

With a static load profile, the power flow balance at the PCC is shown in Figure 5.44.
We can see for the first 7 hours a constant contribution of the grid, whereas about midday
hours it is presented a reverse power flow towards the grid. In this case (static load profile),
when the PEM fuel cell works to meet the demand (between 16 h and 18 h) a reverse power
flow is smaller than in the previous case (variable load profile). Finally, after 19 h, the
contribution of the grid to meet the power demand is predominant.
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Figure 5.44: Case of study 2: Power exchange of the HuG with the grid under a static
load profile. Power flow at PCC in kW.

In Figure 5.45 is summarized the response of all components composing the HuG: (a)
demand curve and grid contribution, (b) power generated from RES (wind turbine and
photovoltaic systems), (¢) hydrogen system (alkaline electrolyzer and PEM fuel cell) and
(d) level of hydrogen storage tank. The energy demands per day are reported as follow:
(7) load: 10.22 kWh, (i7) grid contribution 1.53 kWh, (#4) wind turbine system: 5.38 kWh,
(7v) photovoltaic system: 5.37 kWh, (v) alkaline electrolyzer: 2.59 kWh and (vi) PEM fuel
cell 0.52 kWh.

In the second case (static load profile), it is consumed the 24.09 % (2.59 kWh) of the
total energy obtained from the RES (10.75 kWh) to operate the electrolyzer. Moreover,
0.52 kW are returned from the PEM fuel cell to meet the power demand, then, delivering
24.09 % of the power generated from the RES to supply the hydrogen system, 4.83 % can
be recovered.
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Figure 5.45: Case of study 2: Response of the HuG under a static load profile. Power flow
at PCC in kW.

5.7.6 Performance of HuG

The performance of the HuG under a static load profile is reported in Figure 5.46. In the
first 6 h, it is observed a small difference in the response of the uG (without hydrogen
system) with respect to the HuG (with hydrogen system), due to the operation of the
electrolyzer at its minimum power (0.8 kW) when power from the RES is not quite high.
In the midday hours (between 6 h and 16 h), the system feels the presence of the hydrogen
system and it is note a high discrepancy between both responses. The operation of the
PEM fuel cell occurs between 16 h and 18 h. In this period, we can see a almost null
contribution from the grid to meet power demand. Finally, after 19 h, the hydrogen tank
is empty and the RES energy produced is not higher a lot to supply the electrolyzer, then,
the behavior of the G and the HuG is almost the same.
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Figure 5.46: Case of study 2. Confronting performance of the system with/without hydro-
gen system under a static load profile. Active power exchange with the grid in kW.

5.8 HuG Performance

The performance of the HuG is assessed through a sensitivity analysis presented in Table
5.1 for the variable load profile and Table 5.2 for the static load profile. As follow are
reported the cases selected for studying the model response:

1. One photovoltaic system, one wind turbine system and one electrolyzer.
2. Two photovoltaic systems, two wind turbine systems and one electrolyzer.
3. Two photovoltaic systems, two wind turbine systems and two electrolyzers.

In these three cases, the capability of the hydrogen tank is increased gradually, study-
ing the response of the PEM fuel cell and the power flow balance at the PCC. The wind
speed, solar irradiation and operating temperature of the photovoltaic system are common
for both cases.

In Table 5.1 is presented the sensitivity analysis for the response of the system under
a variable load profile. In the first case (one photovoltaic system, one wind turbine system
and one electrolyzer), the total energy average produced by the RES is 10.75 kWh which is
less than the energy average demanded (11.41 kWh). When the system operates without
the hydrogen system, the grid contribution of the system is 0.65 kWh, then, adding the
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hydrogen system and and having constant the energy produced from the RES, if the capa-
bility of the hydrogen tank increases (from 12 m3 to 54 m?3), the power returned from the
PEM fuel cell to the grid decreases (from 0.56 kWh to 0.34 kWh) and the grid contribution
to meet the demand increases (from 0.65 kWh to 3.09 kWh).

In the second case, duplicating the contribution from the RES (21.5 kWh) we have a
condition Powerggs > Powerpemand. Operating the system with one electrolyzer, when
the capability of the hydrogen tank increases (from 7 m? to 54 m?), the power returned
from the PEM fuel cell to the grid increases (from 0.45 kWh to 0.90 kWh) and the grid
contribution increases (from -10.10 kWh to -6.54 kWh).

Table 5.1: Case 1. Sensitivity analysis of hydrogen system performance under a variable
load profile.

PV wT ELY HST m? PV - wWT - ELY - PEM - Grid
Systems | Systems | Systems kWh kWh kWh kWh Contri-
bution -

kWh

1 1 - - 5.37 5.38 - - 0.65
1 1 1 12 5.37 5.38 2.77 0.56 2.85
1 1 1 15 5.37 5.38 2.77 0.54 2.87
1 1 1 27 5.37 5.38 2.72 0.48 2.90
1 1 1 54 5.37 5.38 2.78 0.34 3.09
2 2 - - 10.74 10.76 - - -10.10
2 2 1 7 10.74 10.76 1.99 0.45 -8.55
2 2 1 9 10.74 10.76 2.47 0.52 -8.14
2 2 1 12 10.74 10.76 3.21 0.74 -7.63
2 2 1 15 10.74 10.76 3.94 0.84 -6.99
2 2 1 27 10.74 10.76 4.45 0.90 -6.54
2 2 1 54 10.74 10.76 4.45 0.90 -6.54
2 2 2 7 10.74 10.76 2.10 0.49 -8.48
2 2 2 9 10.74 10.76 2.63 0.54 -8.01
2 2 2 12 10.74 10.76 3.33 0.75 -7.52
2 2 2 15 10.74 10.76 4.05 0.85 -6.89
2 2 2 27 10.74 10.76 7.12 1.50 -4.48
2 2 2 54 10.74 10.76 8.90 1.78 -2.98

(7) Wind speed average: 6.5837 m/s. (ii) Solar irradiation average: 249.108 W/m?. (iii)

Temperature average: 30.381 °C. (iv) demand energy average: 11.41 kWh.

Finally, in the last case, duplicating again the contribution from the RES but adding
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a second electrolyzer, increasing the capability of the hydrogen tank (from 7 m? to 54 m?)
the power returned from the PEM fuel cell to the grid increases (from 0.49 kWh to 1.78
kWh) and grid contribution decreases (from -10.10 kWh to -2.98 kWh).

In Table 5.2 is presented the same analysis performed by considering the static load.
In the first case (one photovoltaic system, one wind turbine system and one electrolyzer),
the total energy average produced by the RES is 10.75 kWh which is almost equal to the
energy average demanded (10.22 kWh). When the system operates without the hydrogen
system, the grid contribution of the system is -0.53 kWh, then, adding the hydrogen sys-
tem and and having constant the energy produced from the RES, if the capability of the
hydrogen tank increases (from 12 m? to 54 m?), the power returned from the PEM fuel
cell decreases (from 0.52 kWh to 0.22 kWh) and the grid contribution increases (from -0.53
kWh to 1.86 kWh).

In the second case (two photovoltaic systems, two wind turbine systems and one elec-
trolyzer), duplicating the contribution from the RES (21.5 kWh) and operating the system
with one electrolyzer, when the capability of the hydrogen tank increases (from 7 m?3 to 54
m3), the power returned from the PEM fuel cell to the grid increases (from 0.43 kWh to
0.76 kWh) and the grid contribution increases (from -11.29 kWh to -7.33 kWh).

Finally, in the last case (two photovoltaic systems, two wind turbine systems and two
electrolyzers), duplicating again the contribution from the RES and adding a second elec-
trolyzer, increasing the capability of the hydrogen tank (from 7 m3 to 54 m3) the power
returned from the PEM fuel cell to the grid increases (from 0.46 kWh to 1.72 kWh) and
grid contribution decreases (from -11.29 to -3.78 kWh).
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Table 5.2: Case 2. Sensitivity analysis of hydrogen system performance under a static load
profile.

PV wT ELY HST m? PV - WT - ELY - PEM - Grid
Systems | Systems | Systems kWh kWh kWh kWh Contri-
bution -
kWh
1 1 - - 5.37 5.38 - - -0.53
1 1 1 12 5.37 5.38 2.59 0.52 1.53
1 1 1 15 5.37 5.38 2.59 0.50 1.55
1 1 1 27 5.37 5.38 2.59 0.45 1.60
1 1 1 54 5.37 5.38 2.62 0.22 1.86
2 2 - - 10.74 10.76 - - -11.29
2 2 1 7 10.74 10.76 2.21 0.43 -9.50
2 2 1 9 10.74 10.76 2.65 0.57 -9.20
2 2 1 12 10.74 10.76 3.42 0.71 -8.57
2 2 1 15 10.74 10.76 4.19 0.89 -7.98
2 2 1 27 10.74 10.76 4.71 0.95 -7.53
2 2 1 54 10.74 10.76 4.71 0.76 -7.33
2 2 2 7 10.74 10.76 2.53 0.46 -9.21
2 2 2 9 10.74 | 10.76 | 2.95 057 | -8.89
2 2 2 12 10.74 10.76 3.74 0.72 -8.26
2 2 2 15 10.74 10.76 4.51 0.90 -7.67
2 2 2 27 10.74 | 10.76 | 7.49 1.60 | -5.40
2 2 2 54 10.74 | 10.76 | 9.23 172 | -3.78

(7) Wind speed average: 6.58 m/s. (i) Solar irradiation average: 249.10 W/m?2. (iii)
Temperature average: 30.38 °C. (iv) demand energy average: 10.22 kWh.

The results obtained with the sensitivity analysis of both cases (variable load and static
load) show the importance of the hydrogen tank capability for the contribution of the PEM
fuel cell. The operation of the electolyzer is directly proportional to the capability of the
tank and the energy produced from the RES, whereas the PEM fuel cell depends on the
dimension of the hydrogen tank. With a small tank, it is not possible to have a high value
of power injected to the grid, independently of the RES production energy levels. Finally,
confronting the operation of a hydrogen system (electrolyzer, PEM fuel cell and hydrogen
tank) connected with two different loads (variable and static load), when the capacity of
the hydrogen tank is constant, it is observed a high operation for both the electrolyzer and
the PEM fuel cell when the nature of the load is variable.
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Conclusions

In this thesis is presented a methodology to simulate the behavior of a Wind-Solar-
Hydrogen Energy System. The system can produce hydrogen from the generation surpluses
in a wind and solar plant. The hydrogen generated can be used later on as an energy car-
rier for electricity generation in fuel cells. Mathematical models to simulate the dynamic
of each component of the system have been developed: Photolvaic system, wind turbine
generator, alkaline electrolyzer, PEM fuel cell and hydrogen tank. The models encompass
both dynamics and low computational requirements. The validation of electrolyzer and
PEM fuel cell models are presented. The outputs confirmed that both models successfully
depict the validation data. Results in validation process indicated an average error of less
than 2 % and 6 % in dynamic behavior for hydrogen production by electolyzer and power
produced by PEM fuel cell, respectively. Furthermore, in this work is presented a super-
visory control strategy to the Wind-Solar-Hydrogen system.

The dynamic behavior of the Solar-Wind-Hydrogen system model has been by perform-
ing the simulations in different wind and solar irradiation conditions, using two cases of
study: 4: Variable load profile and ii: Static load profile. Therefore, it is confirmed that the
developed model is a reliable tool to analyze the performance of the Wind-Solar-Hydrogen
system. The simulation results have shown a satisfactory operation between the wind
turbine, the photovoltaic system and the hydrogen system. As previously described, the
integration of all models performed similar under variable and static power grid demand,
achieving an adequate electrical response. Furthermore, a sensitivity analysis of the per-
formance of the hydrogen system has been reported. This sensitivity analysis highlighted
how the decoupling between the energy and power is positive to exploit the potential of
the hydrogen system. In this way, the importance of the capability of the storage tank has
been demonstrated for hydrogen systems integrated with RES.

In summary, the model developed in this thesis has proven to be a reliable tool for the
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performance evaluation and optimization of Wind-Solar-Hydrogen plants. This demon-
stration project can prepare the way for a future hydrogen marketplace and it will help
researches to run scenario analysis, verify theoretical findings and optimize system oper-
ations. It is therefore expected that this work will help improving cost competitiveness
of renewable energy and reduce market barriers for new energy and technology solutions
in general and hydrogen technology in particular. We trust that it is possible to supply
remote areas with wind and solar power using hydrogen as storage medium, even if there
are several things to improve in order to make the system competitive with respect to
alternative systems (like wind-diesel).
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