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Chapter 1: General Approach of the Thesis

Chapter 1. General Approach of the Thesis

This Thesis is not conceived as an isolated work, but within the scientific production and the
training capability that the Research Group TEP-192 from the University of Huelva has. This
Thesis is part of the set of Theses that are being carried out simultaneously and that seek to solve
the problem of Configuration and management of a smart renewable micro-grid hybridized with
hydrogen technology; name and objective of the R&D project DPI2017-85540-R! that partially

finances this Thesis.

Within the tasks of the research project mentioned above, this thesis aims to implement an
energy management strategy based on the use of predictive control techniques, which optimizes
the short- and long-term response of a renewable sources-based smart grid with hydrogen as
backup. Hybridization for this case consists of the use of several renewable energy sources, solar
and wind, connected to a common bus supported by a battery bank. Considering the use of
hydrogen as an energy vector, it makes use of systems for the production and storage of hydrogen,
and its subsequent conversion to electrical energy using electrolyzer, hydrogen storage tanks and

fuel cell respectively.

In Article 1, there are studied all the topologies and typical configurations of this type of
smart grids, the main problems associated with the use of renewable generation sources, as well
as the use of storage technologies based on batteries and hydrogen as an energy vector. To solve
the different problems in the management of the different devices, different technical and
economic proposals are analysed, which largely determine the optimization of the system
management. Based on the previous study, the Article 1 presents a detailed review and a critical
analysis of the different management strategies proposed in the scientific literature, for smart grids
with similar topology to the one studied in this thesis. In this sense, it is hard to find solutions that
allow the technical and economic optimization of the system both in the short and in the long
term. Therefore, it involve that there is a niche of improvements and new proposal in terms of

system optimization.

Based on the main problems and technical and economic solutions studied in Article 1, it is
necessary to test the system in order to solve the main deficiencies and needs found in the

proposals analyzed in the scientific literature.

Due to the high economic and temporal cost required to test the behavior of these type of
system, it is necessary to have a software tool that simulates its behavior in the short and long
term, so that the results can be analyzed and allow to determine the relationships between

operation criteria and equipment management and the response of the entire system in terms of

1 R&D Project founded by the Spanish Government, RETOS programme.
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Chapter 1: General Approach of the Thesis

performance, degradation, economical cost and quality of the electrical power supply.

To this end, and in the absence of flexible software solutions in the scientific literature, in
Article 2 a powerful software tool developed in the Matlab Simulink® environment is presented,
from which any system topology to be evaluated can be modelled, and in which different design
criteria can be defined in the operation of the system, such as priorities in the performance of the
equipment, grid connection, power constraints of the equipment, etc. Similarly, associated with
each element of the system, different technical and economic parameters related to its operation
are defined, such as cycles and operating times, accumulated degradation, operation and

maintenance costs, hydrogen produced and/or consumed system performance, etc.

The analysis of the simulation results obtained will allow defining certain actions on the
system, in such a way as to increase the performance of the system from a technical and economic
point of view. These lines of action will allow defining the design criteria of the energy
management strategy of the system, being therefore key for the definition of the predictive

controller proposed in Article 5.

In response to the need to optimize the response of the management system, equipment
degradation is a fundamental parameter in the of long-term technical and economic criteria
optimization. To that end, Article 3 presents a novel system for individual cell detection for open-
air-cooled cathode fuel cell stacks. This patented design allows to quantify the voltage degradation
for each cell, as well as to identify the degradation ratios linked to the conditions of use,
quantifying the individual degradation of the cell with respect to the current and operating

temperature.

The use of the proposed system allows to know the degradation of the fuel cell stack with
respect to the initial state, providing relevant information on the real state of the system in order

to the controller acts accordingly.

To face the task of design and subsequent experimental implementation of the management
strategy, it is necessary to have a model of the smart grid that serves as a background for the
subsequent development of the predictive controller. In this sense, in Article 4 it is developed the
non-linear state-space model of the smart grid consisting of renewable generation sources, energy
storage systems, electrical grid input and load profile. To do it, a series of tests is carried out to
characterize the dynamic behaviour of each device, as well as to obtain those mathematical
expressions that allow, through an experimental identification process, to model the non-
linearities of each equipment. Finally, the generalist model of the smart grid is linearized around
different working points, in such a way that it is possible to obtain a Lineal Time Variant (LTV)

model that allows considering the behaviour of the system throughout all its operating range.

Next, based on the proposed system state-space model, in Article 5 the theoretical study and
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Chapter 1: General Approach of the Thesis

design of the proposed predictive controller for the implementation of the proposed energy
management strategy is carried out. In this sense, the proposed management strategy determines
the priority in the use of the equipment, the energy distribution between the different energy
storage systems, the role of the electrical grid, as well as considerations in the operation of the
different equipment that make up the smart grid system. In such a way that a safe and efficient
operation of each of device is guaranteed. In order to guarantee the generality of the proposed
controller, a methodology for calculating the main parameters of the predictive controller,
prediction and control horizon, system references and weighting factors for the tracking problem

and control variation defined by the cost function of the system, is presented.

Finally, it is proceeded to the physical implementation of the energy management strategy
on the real smart grid. For this purpose, the design and development of the control, monitoring,
visualization and power electronics, necessary for the correct management and interconnection

of all the equipment to the smart grid is presented.

The experimental tests carried out on the real smart grid have allowed validating the design
of the predictive controller and the proposed energy management strategy, on real renewable

sources-based smart grid with the use of hydrogen as an energy carrier.
1.1. Summary of the Thesis

This Thesis is organized in seven Chapters according to the following order:

Chapter 1 deals with the General Approach of the Thesis, in which there is a description of
the structure of the Thesis and a brief summary of each of the Chapters that integrate it, focusing
on the main contributions. In addition, an analysis of the scientific contribution that has been

produced by the completion of this Thesis is carried out.

Chapter 2, Objectives and Methodology, the individual objectives necessary to achieve the
main objective of the thesis are presented, the design and implementation of a control system
capable of managing energy based on technical and economic optimization criteria, both in the
short and long term. According to the structure of the thesis, each of the scientific contributions

included in Chapter 4, has the purpose of responding to each of the objectives set.

Finally, the working methodology used to achieve each and every one of the proposed

objectives is presented.

In Chapter 3, Materials, the proposed micro grid architecture and the control, monitoring
and power electronics developed for the correct integration of the equipment into the smart grid

according to the selected topology are detailed.

Considering the power electronics developed, this section details the design of the power
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Chapter 1: General Approach of the Thesis

converters and control algorithm used for the integration of renewable generation based on solar
and hydrogen resources. It should be noted that boost converters have been developed with an
MPPT algorithm to maximise the solar resource; as well as an isolated push-pull topology
converter with power control based on discrete PID, with the aim of integrating the fuel cell

subsystem into the smart grid.

In response to the monitoring and control electronics, all the electronics have been

specifically designed to measure the main electrical parameters of each device.

In this sense, it has been designed and developed an electronic hardware to control and
manage the balance of plant (BoP) of the fuel cell in order to guarantee the hydrogen supply, the

hydrogen purges, the fuel cell thermal control and electrical insulation.

In the same way, it has been developed an electronic specially designed for individual cells
voltage monitoring in the case of the fuel cell. This electronics allows to evaluate, detect and
quantify the degradation associated to each of the cells depending on the polarization point,
allowing having real data to update the different degradation parameters used in the model of the
plant, as well as to detect any malfunction in any cell, which may negatively affect the operation

of the entire stack.

Attending to the visualization and control solutions, a control and monitoring software
(SCADA) has been developed, from which the individual control of each subsystem is allowed,

as well as the detection of any problem associated with the operation of the smart grid.

In Chapter 4, Results & Methods, the set of scientific contributions that support this thesis is
presented. In this sense, five scientific articles published in journals of high impact index are
presented, as well as different contributions to international congress, referents of the renewable

energy and hydrogen sector.

In the Chapter 5, General Conclusions, the most relevant conclusions obtained from this
Thesis are discussed, and the research lines that have been opened by the developed work are

framed, in addition to proposing strategies and actions in this sense.

Finally, Chapter 6, Other scientific contributions, a set of scientific contributions are
presented in which the doctoral student has actively participated as co-author during the
completion of the doctoral thesis. This compendium of works includes a series of research articles
published in high impact index journals, as well as contributions to the main international
congress of the renewable energies and hydrogen sector. These contributions complement the
research activity of the doctoral student, and therefore are included in the set of contributions that

support this thesis.
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Chapter 1: General Approach of the Thesis

1.2. Innovations Provided by the Thesis

In this section, each of the Chapters that make up this Thesis are covered, highlighting the
novel contributions that each Chapter adds with respect to the state of the art reviewed before,

addressing the different tasks that make up each Article.

In the first instance, Article 1 presents an extensive scientific review that allows any
technologist or researcher to identify the main characteristics of this type of smart grid and the
different solutions in the field of energy management. For this, Article 1 analyses the main
technical and economic problems associated with the operation of this type of systems, as well as
the most widespread solutions in terms of optimization. An extensive review and critical analysis
of the main works in the field of energy management in this type of systems allows
contextualizing the reader in the state of technique and management algorithms used, allowing to

identify niches of improvement.

In order to respond to the deficiencies found in the scientific literature, and identify the
cause-effect relationships that the operation of a particular type of equipment may cause on the
main technical and economic parameters of the system, in Article 2 a simulator has been
developed. The use of this software solution allows to know the general functioning of the smart
grid, taking into account all the restrictions imposed by the particularities in the use of each device
related to the energy storage system, hydrogen and battery based systems, and the energy
interactions between the hybrid system and the main grid. In this regard, it is worth mentioning:
1) the definition of a charging protocol to ensure a safe and efficient charging protocol of the
batteries, 2) to establish minimum working power and restrictions in the variation of the working
point for the hydrogen-based energy storage system, and 3) the definition of priorities about what

subsystem must to act firstly in case of energy deficit and energy excess situation.

The definition of the present criteria will mark the design guidelines of the energy

management strategy and therefore the predictive controller proposed in Article 5.

Attending to the optimization of the hydrogen-based storage system, and particularly the use
of fuel cells, the detection, correction and mitigation of the occurrence of degradation associated
with the start and stop cycles, as well as operating time, is crucial. The degradation parameter
must be a fundamental point in the technical and economic criteria optimization of this type of
equipment, known its reduced useful lifetime and high cost. For the detection of voltage and
power degradation of the fuel cell, a patented electronic device specially designed for the

application is presented in Article 3.

The use of this system allows to know in real time the voltage degradation of each of the

cells that make up the fuel cell stack, and to identify if any of them suffer a high deterioration,
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Chapter 1: General Approach of the Thesis

which can undermine the performance of the whole system. Based on this information, the control
system that implements the energy management strategy will allow for a more conservative use
of the fuel cell if necessary, increasing the lifetime of the hydrogen-based system, while reducing

the costs associated with equipment maintenance and renovation.

In order to be able to study the system and define the proposed energy management strategy,
in Article 4 a generalist mathematical model of the smart grid is presented, based on the use of
recursive linearization. This allows us to model the behaviour of the system throughout all its
operating range, thus increasing the quality of the prediction of the trajectory of the system in the
operation of the predictive controller, unlike most solutions based on a linear model around a

single operating point.

The proposed model includes all the technical and economic parameters to define the multi-
objective function that will determine the cost function of the optimization problem of the
proposed predictive controller. Thanks to the inclusion of these parameters, the evaluation of the
temporary response of the system is allowed, so that the accumulated degradation of the system
can be quantified, and therefore, corrective actions for the optimization can be established

throughout the useful life of the system.

Based on the control proposed in Article 5, the novelty lies in the design of a tuning
methodology for the controller parameters, based on the generalist model proposed in Article 4

and the design criteria defined in Article 2.

Unlike most of the scientific works reviewed, based on particular solutions depending on the
topology and application of the system, to guarantee the generality of the controller, rules are
defined for the tuning process. In such a way, it is allowed in the first instance to guarantee the
closed loop stability of the system, as well how to correctly implement the energy management
strategy based on the technical and economic optimization of the system both in the short and

long term for any type of system.

For this, a careful study has been carried out with the aim to discern the relationships between
the variations of the different parameters that define the controller, and the closed loop response
of the plant-controller system in the short and long term. In this sense, a series of mathematical
proposals based on fuzzy control and potential expressions obtained from the previous study are
presented, which allow defining an adaptive controller whose function is to adapt the value of the

weighting factor of the system based on the current situation and the past history of the system.

Finally, Article 5 presents the experimental implementation of the predictive control
algorithm and therefore of the energy management strategy proposed on the real smart grid; as
well as all the development of control, monitoring, visualization and power electronic required

for the correct integration of all equipment in a topology based on a DC bus with direct battery
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connection.

In this sense, unlike most works found in the scientific literature based mainly on simulation
or small pilot plants, this Thesis validates the use of the proposed controller on a medium size

smart grid, with a the power range of domestic consumption and small businesses.

In view of the above, the technical feasibility of using predictive control techniques in
complex applications, such as the control of renewable generation systems with hydrogen as an

energy vector is demonstrated.
1.3. Scientific Contribution of the Thesis

This section is dedicated to highlighting the scientific environment in which the Thesis has
been developed and the results of each experiment carried out. For this purpose, relevant
publications in indexed international journals will be detailed, as well as the national and
international congresses in which the developed works have been disseminated. Moreover, within
the scientific environment of the Thesis, the Research Projects, which have made possible the
Thesis, will be emphasized. In short, the main objective of this section is to show that the memory,
which is presented, constitutes the ordered and stitched the summary of a scientific production

carried out during 4 years.
1.3.1. Scientific Projects that Fund the Thesis

1. Title: Configuration and management of an smart renewable hybridized micro-grid
hybridized with hydrogen technology (DP12017-85540-R)
Type of Project: Spanish R&D&i Plan, Ministry of Economy and Competitiveness
Cost total of the Project/contract: 196.000 €
Main researcher: J. M. Andujar
Period: 01/01/2018-31/12/2020

2. Title: Extension of the Laboratory of Autonomous Hybrid Systems of Renewable Energy
(UNHU15-CE-3264)
Type of Project: Call for European scientific infrastructure, Ministry of Economy and
Competitiveness
Cost total of the Project/contract: 442.318 €
Main researcher: J. M. Anddjar
Period: 01/01/2016-31/12/2017

3. Title: Design, development and manufacturing of a modular polymer electrolyte fuel cell:
instrumentation and control, online monitoring, study of deterioration effects (DP12013-
43870-R)
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Type of Project: Spanish R&D&i Plan, Ministry of Economy and Competitiveness
Cost total of the Project/contract: 163.350 €

Main researcher: J. M. Anddjar

Period: 01/01/2014-31/12/2016

1.3.2. Scientific Production (Publications in Journals and Congresses)

Article 1. 4 review of Energy Management Strategies for Renewable Hybrid Energy Systems with
Hydrogen Backup

Title: A review of Energy Management Strategies for Renewable Hybrid Energy Systems with
Hydrogen Backup

Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andujar

Journal: Renewable and Sustainable Energy Reviews

Reference: Vol. 81, pp. 126-155

Year: 2018

Quality index: Journal included in JCR, position 7/97 in the category of “Energy & Fuels,

IF (2017): 9.184

Number of citations: 55

In this Article, a detailed study is made of the main problems and technical and economic
solutions associated with the use of renewable generation systems with hydrogen as an energy
vector; as well as a comparative study between the different solutions and algorithms proposed

that are currently used in the scientific literature.

The present analytical and review study allows any technician or researcher to know the
current state of the technique, as well as to know the operation and the main parameters to take
into account in the design and management of renewable generation systems based on hydrogen

as an energy vector.

Given the aforementioned situation, the Chapter has been written based on an exhaustive
bibliographic research, since more than 250 references have been consulted, of which 138 have

been included as bibliography.

Article 2. H2RES?2 simulator. A new solution for hydrogen hybridization with renewable energy

sources-based systems

Title: H2RES2 simulator. A new solution for hydrogen hybridization with renewable energy
sources-based system
Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. AndUjar

Journal: International Journal of Hydrogen Energy
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Reference: Vol. 42, pp. 13510-13531

Year: 2017

Quality index: Journal included in JCR, position 24/97 in the category of “Energy &
Fuels, IF (2017): 4.229

Number of citations: 8

This article presents a software tool for the simulation of renewable energy systems with

hydrogen as an energy vector.

The flexibility in the selection of the operating conditions of each equipment, as well as
the definition of the proposed energy management strategy, differ from the rest of the solutions

studied in the scientific literature.

The simulator considers all the technical parameters necessary for the optimization of this
type of systems. Among them, cycles and time of use of equipment, associated degradation,
production and consumption of hydrogen, quality of electricity supply, operation and maintenance

costs, as well as the cost associated with the purchase/sale of grid energy.

Based on the foregoing, the proposed software tool allows the evaluation of the main
technical and economic parameters resulting from the operating conditions and the proposed

energy management strategy, both in the short and long term.

The use of this powerful tool will allow, based on the micro grid topology under study, as
well as the minute, hourly, daily and annual renewable generation and consumption profiles, to
analyze and determine those design criteria, see operating margins, power constraints and priority
in the use of systems, in the operation of each of the equipment that make up the energy storage

system, as well as the role of the grid within the system.
Related with Article 2, the following contributions are presented:

Title: Configuration of a Fuel Cell system. Clues to choose between a modular or single stack-
based design

Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andujar

Event: 42nd Annual Conference of IEEE Industrial Electronics Society (IECON2016)

Publication: Proceedings book. Vol. 1, pp. 5466-5472.

ISBN: 978-1-5090-3474-1

Date: The 24th-27th of October of 2016. Florence (Italy).
Title: A new simulator for hybrid renewable generation systems. A new solution for technological
and economic analysis and energy/hydrogen management strategies

Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Anddjar

Event: 21 World Hydrogen Energy Conference (WHEC 2016)

Publication: Proceedings book. Vol. 1, pp. 114-115.
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ISSN: 9781510838352
Date: The 13th-16th of June of 2016. Zaragoza (Spain).

Title: Optimal energy management strategy of a hybrid renewable energy system with hydrogen
generation and storage

Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andujar

Event: 21 World Hydrogen Energy Conference (WHEC 2016)

Publication: Proceedings book. Vol. 1, pp. 796-797.

ISSN: 9781510838352

Date: The 13th-16th of June of 2016. Zaragoza (Spain).

Title: A proposal of energy management strategy on hybrid renewable system with hydrogen
backup

Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andujar

Event: 7th International Renewable Energy Congress (IREC 2016)

Publication: Proceedings book. ID 16

Date: The 22th-24th of March of 2016. Hammamet (Tunisia).

Article 3. Cell voltage monitoring All-in-One. A new low cost solution to perform degradation

analysis on air cooled polymer electrolyte fuel cells

This article presents a novel solution for degradation studies in air-cooled open cathode

PEM type fuel cells.

The proposed system implements a low cost technical solution that allows individual cell
monitoring of a fuel cell stack up to 100 cells, meeting all the precision and bandwidth

requirements recommended for this type of application.

The use of this new system will allow real-time monitoring of the degradation of the stack
according to its operating conditions, voltage, current and working temperature, so that the current
state of the equipment is available in terms of degradation, performance and associated power

loss.

These system parameters will be included in the system model, presented in Article 4, and
therefore represent inputs of the main controller, keys for the definition of those decisions that
determine the long-term optimization of the system, according to the tuning parameters of the

model predictive controller, presented in Article 5.

Title: Cell Voltage Monitoring All-in-One. A new low cost solution to perform degradation
analysis on Air-Cooled Polymer Electrolyte Fuel Cells

Authors: F.J. Vivas, J.J. Caparros, F. Segura, J.M. Andujar
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Journal: International Journal of Hydrogen Energy

Reference: Vol. 42, pp. 13510-13531

Year: 2018

Quality index: Journal included in JCR, position 24/97 in the category of “Energy &
Fuels, IF (2017): 4.229

Associated with Article 3, the following contributions are presented:

Title: Cell voltage monitoring all in one. A new low cost solution for degradation analysis on
polymer electrolyte fuel cells

Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andujar

Event: European Hydrogen Energy Conference 2018 (EHEC 2018)

Publication: Proceedings book. Vol. 1, pp. 33-34.

Date: The 14" -16™ of March of 2018. Malaga (Spain).

Title: Fuel Cell Control and Supervisory System-F2C2S
Patent: Utility Model: 201731431
Ownership: University of Huelva
Date: 16/04/2018
Application number: U201731431
Publication number: ES1204161

Article 4. A suitable space-state model for renewable sources-based microgrids with hydrogen

as backup for the design of energy management systems

Title: A suitable space-state model for renewable sources-based microgrids with hydrogen as
backup for the design of energy management systems.
Authors: F.J. Vivas, J.J. Caparro6s, F. Segura, J.M. Andujar
Journal: IEEE Access
Year: 2019
Quality index: Journal included in JCR, position 24/97 in the category of “Energy &
Fuels, IF (2017): 4.229

The objective of this Article is to define a discrete general model in the state space form that
can be used for any management system in any renewable micro-grid based on hydrogen as an
energy carrier. In our case in particular, this model will be the key piece in the design of the

predictive controller presented in Article 5.

The intrinsic novelty of this Article lies in the versatility and potential of the proposed model,

31



Chapter 1: General Approach of the Thesis

which allows the representation of all the technical and economic parameters necessary for the
optimization of the renewable generation system both in the short and long term. For the definition
of the model, a recursive linearization process was used, defining a Lineal Time Variant (LTV)
model, which allows to increase the quality of the model with respect to the traditional
linearization solutions around a single operating point, considering the behaviour of the smart
grid in all its range of operation. The inclusion of all the parameters in the model allowed the
possibility to define multi-objective optimization problems from the general formulation of the

predictive control theory.

Article 5. General MPC controller to develop energy management systems in renewable sources-

based smart microgrids with hydrogen as backup. Theoretical foundation and case study

Title: General MPC controller to develop energy management systems in renewable sources-
based smart microgrids with hydrogen as backup. Theoretical foundation and case study
Authors: F.J. Vivas, J.J. Caparrds, F. Segura, J.M. Andujar
Journal: Applied Energy
Reference:
Year: 2019
Quality index: Journal included in JCR, position 24/97 in the category of “Energy &
Fuels, IF (2017): 4.229

Article 5 presents the central core of the Thesis, and is dedicated to the design and validation

of the MPC controller that performs the energy management strategy based on predictive control.

The novelty of this Article lies in the methodology used in the design of the controller, which
is based on determining the optimal values of the main controller parameters, taking into account
the closed loop stability of the system, the considerations imposed by the energy management
strategy proposal and optimization of the system in the short and long term. Although the tuning
process of the controller parameters depends largely on the plant, in this Article a general
methodology is developed based on the model proposed in Article 4 and the design considerations
obtained thanks to studies carried out using the software tool presented in Article 2. The
implementation of this methodology will allow adapting the proposed controller to any smart grid

topology simply by modifying the desired parameters of the plant model.

Finally, in this Article we analyse the behaviour of the proposed controller and energy
management strategy on the real system, based on a series of previously designed empirical tests

that allowed the validation of the control methodology established.

32



Chapter 1: General Approach of the Thesis

1.3.3. Others Scientific Contribution (Publications on Journals and Congresses)

In addition to above detailed scientific contributions, the doctoral student has been co-

authors in the following contributions.

Publications in Scientific Journals

1. Title: Evaluation of fuel cell/battery passive hybrid power systems for unmanned vehicles

Authors: Eduardo Lépez Gonzéalez; Jaime Saenz Cuesta; Francisco José Vivas
Fernandez; Fernando Isorna Llerena; Miguel A. Ridao Carlini; Carlos Bordons Alba;
Emili Hernandez; Alberto Efes

Journal: International Journal of Hydrogen Energy

Reference:

Year: 2018

Quality index: Journal included in JCR, position 5/90 in the category of “Energy & Fuels,
IF (2017): 4,229

2. Title: From the cell to the stack. A chronological walk through the techniques to

3.

4.

manufacture the PEFCs core

Authors: A. De las Heras, F. J. Vivas, F. Segura, J. M. AndUjar

Journal: Renewable and Sustainable Energy Reviews

Reference: Vol. 96, pp. 29-45.

Year: 2018

Quality index: Journal included in JCR, position 5/90 in the category of “Energy & Fuels,
IF (2016): 8,050

Number of citations: 1

Title: How the BoP configuration affects the performance in an Air-Cooled Polymer
Electrolyte Fuel Cell. Keys to design the best configuration

Authors: A. De las Heras, F. J. Vivas, F. Segura, J. M. Andujar

Journal: International Journal of Hydrogen Energy

Reference: Vol. 42(17) pp. 12841-12855

Year: 2016

Quality index: Journal included in JCR, position 28/90 in the category of “Energy &
Fuels”, IF (2016): 3,582

Title: Air-Cooled fuel cells: keys to design and build the oxidant/cooling system
Authors: A. De las Heras, F. J. Vivas, F. Segura, J. M. Andujar

Journal: Renewable Energy
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Reference: Vol. 125 pp-1-20.

Year: 2018

Quality index: Journal included in JCR, position 18/90 in the category of “Energy &
Fuels, IF (2016): 4,357

Number of citations: 3

Contributions to National and International Congress

34

5.

Title: Comparative analysis of the efficiency of a classic MPPT system with location of
sensors at the output of the converter, compared to the traditional approach of
measurements at the output of the generator

Authors: Juan Rios Gutiérrez; Juan Manuel Enrique GOmez; Francisco José Vivas
Fernandez; José Manuel Andudjar Marquez

Event: International Congress on Engineering and Sustainability in the XXI Century
(INCREASE 2019)

Publication: Proceedings book. Vol. 1, pp. 377-384.

Date: The 9" -11'" of October of 2019. Faro (Portugal).

Title: Optimized Balance of Plant for a medium-size PEM electrolyzer. Design,
Modelling and Control

Authors: Julio Caparrés Mancera; Francisco José Vivas Fernandez; Francisca Segura
Manzano; José Manuel Andujar Marquez

Event: 10" EUROSIM 2019

Publication: Proceedings book. Vol. 1, pp. 24.

Date: The 1% -5" of July of 2019. Logroiio (Spain).

Title: Evaluation of fuel cell/battery passive hybrid power system for unmaned vehicles
Authors: Alberto Efes; Eduardo Lopez Gonzalez; Jaime Saenz Cuesta; Francisco José
Vivas Fernandez; Fernando Isorna Llerena; Miguel A. Ridao Carlini; Carlos Bordons
Alba; Emili Hernandez

Event: European Hydrogen Energy Conference 2018 (EHEC 2018)

Publication: Proceedings book. Vol. 1, pp. 176-177.

Date: The 14" -16™ of March of 2018. Malaga (Spain).

Title: In the path of H2020 targets. A new proposal and experimental case to reduce the
cost of fuel cells

Authors: A. De las Heras, F.J. Vivas, F. Segura, J.M. Andujar

Event: European Hydrogen Energy Conference 2018 (EHEC 2018)

Publication: Proceedings book. Vol. 1, pp. 101-102.

Date: The 14" -16" of March of 2018. Malaga (Spain).
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Title: Keys for the best selection of the Balance of Plant configuration in a fuel cell system
based on a PE stack

Authors: A. De las Heras, F.J. Vivas, F. Segura, J.M. Andujar

Event: 21 World Hydrogen Energy Conference (WHEC 2016)

Publication: Proceedings book. Vol. 1, pp. 312-313.

ISSN: 9781510838352

Date: The 13" -16" of June of 2016. Zaragoza (Spain).

Title: A review of BoP configurations for PEFCs. Experimental study of a suitable
topology

Authors: A. De las Heras, F.J. Vivas, F. Segura, J.M. Andujar

Event: 7th International Renewable Energy Congress (IREC 2016)

Publication: Minute book. Vol 1, pp. 231.

Date: The 22 -24™ of March of 2016. Hammamet (Tunisia)
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Chapter 2. Objectives and Methodology

2.1 Objectives

The main objective of this thesis is the design and implementation of a distributed control
system, which allows implementing an energy management strategy on an experimental
renewable energy micro grid with the use of hydrogen as an energy vector. This management
strategy must optimize the response of the system both in the short and long term, taking into
account at all times the physical and operational restrictions necessary to operate the system safely
and efficiently, while ensuring optimum operation of the system from the technical and economic

point of view.

In order to reach the main goal of the Thesis, a series of specific objectives have been

defined, which are described below:

e Objective I: Identification of technical and economic considerations in the control

and management of renewable energy system with hydrogen as energy vector

Identification of technical and economic parameters in the operation of the equipment,
operating criteria, safe operating margins, operation and maintenance costs, etc. Identification of

niches for improvement regarding solutions proposed in the review of the state of the art.
e Objective II: Design of the energy management strategy

Definition of the energy management strategy according to the technical and economic

criteria studied, depending on the topology and final application of the generation system.

Establishment of priorities for action against the energy situation of the system, criteria for
energy distribution, definition of working powers for hydrogen equipment, criteria for charging

and discharging of batteries, role of the main grid, etc.
e Objective IIT: System modelling
Obtaining the general system model in the state space representation.

This model provides the knowledge base necessary for the implementation of model-based
control techniques (MPC). The objective model must provide all the necessary and sufficient
information related to the behavior of the system, and therefore allow to define a multiobjective
optimization problem to be raised, whose solution will optimize the response of the system

according to the controller design criteria, both in the short and the long term.
e Objective I'V: Design, implementation and testing of the predictive controller

Theoretical development of the MPC controller proposed in accordance with the model in

the state space representation, presented in Article 4.
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Implementation of the general cost function of the system, which will include all the
technical and economic parameters, posing a multi-objective optimization problem according to

the system's operating set-points. Generalist tuning proposal for predictive controller parameters.
Validation of controller behavior and proposed energy management strategy on simulation.
e Objective V: Physical implementation of the micro grid

Developed and validated on simulations the proposed controller and the energy

management strategy, the next step is related to the experimental validation.

For the physical implementation of the micro grid, design and implementation tasks are
required from the lowest level, that is, design and implementation of the electrical scheme,

electrical protections, power electronics, acquisition systems, communication protocols, etc.

e Objective VI: Experimental validation of the proposed management strategy and

MPC controller

Implementation, testing and validation of the MPC controller and the proposed energy
management strategy in the experimental micro grid. The system will be validated in energy
excess and deficit situations, based on certain system constraints and assuming different

conditions of accumulated degradation of the system.
2.2 Methodology

In order to achieve the specific objectives defined in the previous section, a working
methodology is defined, which is based, and will be implemented later in the different scientific

contributions presented in Chapter 4.

The proposed methodology is established in accordance with the specific objectives of the

Thesis defined in the previous section.

e Objective I: Identification of technical and economic considerations in the control

and management of renewable energy system with hydrogen as energy vector

In the first instances, it was developed an extended review of the main topologies and
configurations of hybrid renewable smart grids with the use of hydrogen as an energy carrier.
From them, it was studied the main characteristics, advantages and disadvantages of the

configurations according to the grid connection and the nature of the internal bus connection.

Next, all the technical and economic problems associated with the use of the renewable
energy micro-grid, more specifically in the use of energy storage systems, were analysed in detail.

Likewise, a review was made of the main technical solutions found in the scientific literature.
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Finally, an exhaustive and critical study of the different energy management strategies
solutions proposed in the scientific literature was presented, according to the topology,
configuration, optimization and decision parameters, adopted solutions, purpose of the strategy,
as well as control algorithms employees to implement the management strategy. From the
previous study, it was determined that the multi-objective strategies present a small but growing

number of solutions.
e Objective II: Design of the energy management strategy

System optimization begins with an exhaustive analysis of the main problems associated
with the operation of each of the systems that make up the smart grid, emphasizing the operating

conditions of the energy storage system based on batteries and hydrogen as an energy carrier.

From the previous analysis, a management solution was proposed with the aim of ensuring
an efficient and responsible use of the system, in such a way that it is possible to guarantee the
maximization of the useful lifetime, keeping commitments of cost, energy use and operation
degradation. In this regard, it is worth mentioning the need to define a battery charging and
discharging strategy, definition of the operation point and dynamics in the operation of the
hydrogen-based energy storage system, as well as, criteria associated with the quality of the
electricity supply, taking into account the energy dependence between the generation system and

the electrical grid.

To do this, a study was made based on a proposed simulation tool, an expected load profile,
and a historical of the renewable resources of the micro-grid location, evaluated during a year of
operation. The results obtained allowed to define the operation points that optimize the long-term
response of the system, which will be the references for the design of the predictive controller,

responsible for implementing the energy management strategy.

The economic optimization of the system was evaluated based on the study of the cost
problem proposed by the grid-connection topology, which determines an economic optimization

problem based on the energy market price and the energy flows between systems.

Finally, the management strategy of the system was presented based on the situations of
deficit and excess of energy, determining the criteria of priorities and energy distribution between
the different elements that make up the energy storage system and the electrical grid, in

accordance with the application in question.
e Objective II1: System modelling

In this Objective all the modelling of the plant was done in the state space representation,

based on the optimization parameters determined by the energy management strategy proposed
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in Objective I, both in the short and long term. Among them, operating performance, operating

cost, battery charging management, equipment degradation and power supply quality.

The definition of the proposed model was aimed at calculating the optimization parameters
of the system based on the operating set-point of each equipment, so that the optimization of the

system was determined at all times by the calculation of the optimal operating power.

The modelling of the smart grid was based on an identification process of the plant and a
multivariable linearization process, which allows defining an LTV model that guarantees a linear
relationship between the state variables and the input vector, throughout its operating range

despite the nonlinearities present in the behaviour of the plant.

The proposed model allows generalization to any renewable generation system, regardless
of the main generation system, battery technology or hydrogen generation and consumption

system.
* Objective IV: Design, implementation and testing of the predictive controller

In the first instances, it was presented all the general mathematical foundation for the
development of the constrained predictive control based on the state-space formulation,
characterized in this case for the cost function and constraints that define the multi-objective

optimization problem associated with the application in question.

In this particular case, the optimization problem is based on the minimization of a multi-
objective function proposed by a tracking problem based on the achievement of a zero power

balance, which defines a constrained quadratic programming problem.

In order to design a controller that includes all the energy management design criteria
related to Objective 11 analysis, and taking into account the generalist model result of Objective
111, a formal methodology for tuning the controller parameters was presented. It is based on the
definition of the objectives of the smart grid; closed loop stability, operating prioritization, energy
distribution of the energy storage system and minimum input from the electrical grid, as well as
the desired dynamics of the plant. In particular, a practical case based on simulation demonstrate
that both the tuning guidelines and the proposed controller are feasible for the real implementation

if the smart grid.

Finally, from different simulations, the closed loop stability and the correct behaviour of
the system for the proposed constrained optimization problem, both in the short and long term,

were studied and validated.
e Objective V: Physical implementation of the micro grid

To reach this objective, it was necessary to develop all the necessary power, control and

data acquisition electronics. In this regard, highlight the design of power converters for the

42



Chapter 2: Objectives and Methodology

integration of solar panels and the modular fuel cell system. Similarly, it is important to highlight
the design and implementation of a cell voltage detection system to determine the instantaneous

degradation of the fuel cell stack with respect to the current operating point.

Finally, it was necessary to implement a user interface capable of developing the
communication, control and management tasks of the micro grid. In this sense, different virtual

instruments were developed in the LabVIEW® environment.

The different hardware and software developments designed specifically for this thesis are

presented in more detail in section 3.

e Objective VI: Experimental validation of the proposed management strategy and

MPC controller

Finally, the experimental results obtained from the implementation of the proposed energy
management strategy were presented, through the use of predictive control over the real plant,
determining a good behaviour in the closed loop response of the system, and therefore validating
the design of the controller and the viability of the use of predictive control techniques in smart

grids with renewable generation and the use of hydrogen as energy vector.
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Chapter 3. Materials

3.1. Description of the renewable sources-based smart grid with hydrogen as backup

The conception of the smart grid is based on the production of energy entirely obtained
from renewable resources, which guarantees the production and storage of energy at zero cost in

terms of CO; production.

Considering the topology of the smart grid under study, this allows bidirectional power
flow between the electrical grid and the smart grid, so that it is possible to inject power towards
and from the electrical grid. All this allows the economic factor to be a very important parameter

in the energy management problem.

Considering the integration method, all the generation and consumption systems are

connected to the internal DC bus, supported by the direct connection of the battery bank.

The main generation of the system is given at all times by renewable resources produced
from the solar radiation, which allows the production of energy during the hours of greatest

electrical demand.
To guarantee the power balance at all times, there are two energy storage systems available.

The first of these is a battery bank, which allows to act against fluctuations in the power
balance, so it acts as a short/medium-term energy storage system. In addition to the above, the
direct connection of the battery bank to the internal DC bus causes the voltage of DC bus to be
stabilized within the operating range of the battery bank, without the need of using additional

bidirectional converters that could complicate the control of the system.

As a long-term storage system, hydrogen-based subsystems are used, consisting of an
electrolyzer as hydrogen production system, a fuel cell as an electrical production system, and
storage tanks based on physical and chemical storage, with the aim of storing the hydrogen gas

production.

The architecture of the renewable energy sources-based smart grid with hydrogen as

backup installed at the University of Huelva is shown in Figure 3.1.
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Figure 3.1. UHU Smart Grid architecture
In the following sections, each of the devices that compose the smart grid will be briefly
described, as well as all the monitoring, power and control electronics for its management,

developed specifically in the framework of the Thesis.

3.1.1. Renewable generation

The renewable generation is represented by photovoltaic generation, composed of three

photovoltaic arrays of Monocrystalline, Polycrystalline and Thin film technology.

The power of the three photovoltaic fields is similar (5 kWp) and the assembly has been
carried out under the same premises of tilt angle, with the aim of being able to evaluate the
behaviour of the three technologies under the same conditions of solar radiation and ambient

temperature.

In the case of the Monocrystalline technology photovoltaic field, 20 units, ISF-250 model
panels from the ISOFOTON manufacturer are available, with a maximum power of 250 Wp,

Figure 3.2.

The Polycrystalline technology photovoltaic field consists of a total of 50 panels model A-
230P from the manufacturer ATERSA, with a maximum power of 230 Wp, Figure 3.2.
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Finally, the Thin film technology photovoltaic field is composed of a total of 50 SCHOTT
PROTECT ASI 100 panels from the manufacturer SCHOTT Solar AG, with a maximum power
of 100 Wp, Figure 3.2.

Figure 3.2. a) Monocrystaline and Polycrystaline solar panels. b) Thin film solar panels

With the objective of guaranteeing the maximum use of solar production, as well as the
correct integration in the DC bus, a power converter has been developed that implements a
Maximum Power Point Tracking algorithm (MPPT) for each of the technologies. The detailed

description of the developed converter is studied in section 3.2.1.

In order to evaluate the behaviour of the controller on a first experimental phase, this Thesis
will only use the photovoltaic field of Polycrystalline technology, due to its better performance in

the field compared to Monocrystalline and Thin film technologies.

3.1.2. Battery Bank

As a short-term energy storage system, there is an AGM lead acid battery bank, consisting
of 30 units connected in series. Each battery is model UP100-12 of 12 V and 100 Ah from the
manufacturer U-POWER, Figure 3.3a. The battery bank has a rated voltage of 360 V and an
energy storage capacity of 36 kWh, Figure 3.3b.

49



Chapter 3: Materials

Figure 3.3. Detail of the battery bank. a) UP100-12 single battery. b) Battery bank
As mentioned in previous sections, the battery bank is directly connected to the DC bus,
which allows the stabilization of the bus voltage without the need of power converters or auxiliary
control algorithms. On the other hand, the direct connection requires a more complex control

system, in order to guarantee safe and efficient charging and discharging conditions.

3.1.3. Alkaline electrolyzer

As hydrogen production system, there is an alkaline technology electrolyzer with a
production capacity of 2 Nm?/ h, and a rated power of 10 kWp, manufactured by Nitidor, Figure
3.4.

Figure 3.4. a) Electrolyzer control cabinet. b) Alkaline Electrolyzer

Although the electrolyzer has all the power and control electronics for its operation, it is

necessary to include the connection between the power converter of the equipment with the DC
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bus. For all these reasons, and in order to validate the behaviour of the controller in this first phase
of development, in this Thesis, the alkaline electrolyser will be modelled by a load profile

programmed into the system considering the minimum power and dynamics constraints.

3.1.4. Fuel cell

With the objective of producing electrical energy from hydrogen generated by electrolyzer,
the smart grid includes a FC1020 fuel cell module composed of three stacks in parallel. Each
stack is built from 80 PEM cells with a nominal power of 3.4 kWp from the manufacturer
BALLARD, Figure 3.5. In this case, the rated power of the fuel cells, considering the converter,
will be limited to 2 kW, in such a way that a safe operating range is allowed, considering the

operating performance of the converter, as well as the degradation suffered by the use.

Figure 3.5. a) PEM fuel cell stack. b) PEM fuel cell module

Despite presenting a greater complexity in the control, the proposed parallel topology of
the fuel cell module allows in the first instance adapting the generation and guaranteeing
redundancy in the system in the event that some stack suffers a critical failure. In the same way,
the possibility of selecting the stack to put in work allows distributing the operating time, and
therefore guaranteeing a homogeneous degradation in the fuel cell module, that is, a modular

structure help to prolong the useful lifetime.

Attending to the hydrogen management, the fuel cell module has all the necessary balance
of plant (BoP) and associated control according to the manufacturer's specifications. The

developed control electronics are studied more in detail in sections 3.2.3 and 3.2.4.

Similarly, for the correct connection of each fuel cell stack to the DC bus, a power DC/DC

converter has been developed, see section 3.2.2.

In order to validate the behaviour of the energy management system, in the first phase

studied in this Thesis, only one fuel cell stack will be used as an electric generation system.
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3.1.5. Hydrogen storage system

Attending to the storage of the hydrogen generated by the electrolyzer, there are two types

of storage, low-pressure tank and metal hydrides tank.

The low-pressure tank model LPS1000H from the manufacturer LAPESA has a nominal
capacity of 1 Nm? and a design pressure of 30 bar, Figure 3.6a. The function of this tank is to

serve as a hydrogen storage system in the first instance, as well as buffer between the electrolyzer

and the metal hydride tanks.

Figure 3.6. a) LPS1000H low-pressure tank. b) HB5000 & HB1500 metal hydrides tanks

In second instance, there is a hydrogen storage system based on metal hydrides tanks, being
a chemical principle storage system. The metal hydride storage system consists of a total of four
tanks, two tanks model HB5000 with nominal capacity of 5 Nm® and a maximum charge pressure
of 15 bars, and two tanks model HB1500 with nominal capacity of 1.5 Nm® and a maximum

charge pressure of 15 bars, both from the manufacturer LABTECH, Figure 3.6b.

To guarantee a charging and discharging process that maximizes the storage capacity of the
metal hydride tank, it is necessary to manage the charging and discharging temperature in order

to maximize the storage capacity.

In response to the management of the metal hydride system, the entire balance of plant is
available, which guarantees a safe charging and discharging process. Analogously, taking into
account the thermal constraints, a water-cooling circuit is available, Figure 3.7, which allows
guaranteeing the optimum temperature conditions required for the charging and discharging

processes.
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Figure 3.7. Water cooling system

The consumption of the refrigeration system will not be considered as another load of the
system. Likewise, it will not be considered a difference in the treatment of two hydrogen storage
tanks, being modelled as a single deposit of nominal capacity calculated as the addition of the

individual capacities.

3.1.6. Electrical grid

In the specific application, the use of the electrical grid is crucial to guarantee a technical
and economic optimization of the complete system. In the current topology, there is a commercial
three-phase solar inverter of 12 kWp model Sunny Tripower 12000TL-20 from the SMA
manufacturer, Figure 3.8, adapted through a hardware and software reconfiguration to guarantee
the extraction of energy directly from a bus supported by the battery bank. The adaptations are
represented by the inclusion of a previous pre-charge stage and the implementation of an input
voltage tracking algorithm as opposed to the MPPT algorithm used for the connection of solar

panels.

To model the power input from the grid to the system, a programmable 15 kWp power
supply model SGA 600/25 from the manufacturer AMETEK will be used, Figure 3.8. The source

is directly connected by an anti-return diode.

Figure 3.8.SMA power inverter (left) and Programmable power supply (right)
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The control of both systems is done remotely through the SCADA system, allowing to
impose the desired power condition based on the current bus voltage and a working current set-

point.

3.1.7. Load

The demand profile will be modelled at all times as a DC consumption, imposed at all times
by a load demand whose profile is defined by means a programmable load of 10 kWp model
5VP10-32 of the manufacturer Adaptative Power Systems.

As previously mentioned in section 3.1.3, the electrolyzer consumption profile will be
modelled by the programmable load according to its response dynamics and the constraints

imposed by the control problem.
3.2. Power and control electronic

In order to integrate all the power sources, as well as carry out the necessary control actions
to guarantee the operation point set by the response of the developed MPC controller, it is

necessary to use power and control electronics specifically designed for the application.

Due to the chosen topology for the battery integration based on direct connection, together
with the non-standard high DC bus voltage, as well as the particularity associated with the control
and management of electrochemical systems, such as the fuel cell, it has not been possible to find
commercial solutions that respond to the needs. For all these reasons, it was necessary to the
design and development of all the power, control and monitoring electronics necessary to

guarantee the operation of the Smart Grid.

3.2.1. Boost converter for solar panels integration

In order to guarantee the maximum power extraction, as well as the correct integration of
renewable generation, a DC/DC power converter stage has been designed for each PV array. The
developed DC/DC converter has a boost topology and implements a MPPT system based on the
Perturbation and Observation (P&O) algorithm, Figure 3.9.
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Figure 3.9.- Boost PV-converters prototype and final installation
Each power converters consists of two converters of 2.5 kWp in parallel in interleaved
operating mode, with the aim of reducing current ripple at the input and the associated sizing,

Figure 3.10.
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Figure 3.10.- Interleaved boost converter for PV array
In response to the management system, the power converter implements all the protections
and pre-charge management in order to guarantee a safe operation within the operating range of
the DC bus. To do this, the converter has the ability to detect system errors, and acts accordingly
to prevent equipment malfunction. In this sense, the main errors are given by over voltage in the
DC bus, as well as the operating temperature of the equipment. In case of low input voltage, the
system allows the physical disconnection of the panels and its reconnection when a minimum

open circuit voltage condition is reached again.

3.2.2. Push-pull converter for fuel cell system integration

For the correct integration of fuel cell system into the smart grid, it is necessary to use a
DC/DC power converter, which guarantees on the one hand the high conversion ratio required for
the application; and on the other hand, establish the power set-point calculated from the MPC

controller.

Due to the high conversion ratio required (=10), the use of non-isolated boost topologies
are completely discarded, due to the real impossibility of reaching these elevation ratios with
acceptable control capacity and operating performance. Within the isolated topologies, and due
to the high working power, only the Push-Pull and Full-Bridge topologies guarantee a high

operating efficiency.

For the specific application, a voltage feed Push-Pull isolated topology converter of 2.5
kWp has been developed, with an output power tracking performed through a PID controller,
Figure 3.11 and Figure 3.12. The converter has the ability to detect system errors, and acts
accordingly to prevent equipment malfunction. In this sense, the main errors are given by over
voltage in the DC bus, low operating voltage of the fuel cell, as well as the operating temperature

of the equipment itself.
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Figure 3.11. Push-Pull FC-converter prototype

D1 L lout
R

H )

Vou — BAT
T T

= S =f T

s ] B o ¢ Poutger
delay Pout X
T/2

|
e

Figure 3.12. Push-Pull converter topology for Fuel Cell system
3.2.3. Fuel cell Balance of Plant

In order to guarantee the correct production of energy by means of fuel cell system, it is
necessary to guarantee a correct hydrogen supply, a correct air flow for temperature control and
the satisfaction of the stoichiometric coefficient, as well as a correct management of the purges in
function from the current polarization point. In short, it is necessary to ensure the correct operation

of the entire Balance of Plant (BoP) associated with the fuel cell system.

The proposed BoP is based on the manufacturer's recommendations, Figure 3.13. In the
first instance, there is a hydrogen supply line, controlled and monitored from a supply valve and
a pressure sensor respectively. To control the air flow, there is a fan with controlled speed which
is set according to the optimal operating temperature provided by the manufacturer, based on a
PID controller. Finally, a purge valve is available, which allows controlled purging in time

depending on the operating power.
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Regarding the electrical connection, the fuel cell is connected directly to the power
converter through an anti-return diode and a cut-off relay, in order to isolate the fuel cell in case

of malfunction.

Finally, taking into account the safety of the system, a hydrogen sensor is available, with

the aim of detecting possible hydrogen leaks, allowing the quick stopping of the fuel cell.
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Figure 3.13. Balance of Plant

For the management of the fuel cell module (3 stacks), a control electronics has been
developed, Figure 3.14, which allows managing their respective plant balances. The control
electronics developed allows, in the first instance, managing the three stacks independently,
operating the fuel cell system according to its working conditions. Likewise, it allows the early
detection of any problem associated with the malfunction of the fuel cell system, due to the
measurement of the chemical parameters (hydrogen leakage), physical (supply pressure and
temperature), as well as electrical (voltage and operating current). In these cases, the controller
acts to isolate electrically the fuel cell from the electrical load and the hydrogen supply in order

to ensure safety in its operation.
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Figure 3.14. Fuel cell BoP control electronic
3.2.4. Cell Voltage Monitoring system

In order to detect and quantify the degradation associated with the operation of the fuel
cell, an individual cell monitoring system (CVM All in One) has been developed. This monitoring
electronics allows, on the one hand, the measurement of the individual cell voltage, as well as
quantifying the degradation associated with each polarization point, thanks to the measurement

of the current and working temperature, Figure 3.15.

The implementation of the CVM allows identifying the loss of performance of the fuel cell,
due to the malfunction of any particular cell; and on the other hand, it allows quantifying the real

degradation ratio of the fuel cell.

Figure 3.15. CVM All in One prototype

Associated to the developed hardware, a software tool is presented, which allows the use

of the equipment based on the "plug and play" philosophy, Figure 3.16. This tool allows the real-

59



Chapter 3: Materials

time representation of individual cell voltages, operating polarization point and working

temperature.
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Figure 3.16. CVM All in One Software tool. a) Example of bar graph interface. b) Example of real time
plot interface. ¢) Example of polarization point representation
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3.3. Monitoring and control software SCADA

In order to monitor, control and manage the complete smart grid, a SCADA system has
been developed on the LabVIEW® platform, in which all the system parameters are centralized,

and each device is individually controlled.

The developed SCADA system allows visualize quickly the operating status of the smart

grid, as well as to identify any type of malfunction associated with any device.

From the main screen of the system, Figure 3.17, it is possible to control the start and stop
of each device, as well as the navigation between the different windows related to the control and

monitoring of the whole generation system.
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Figure 3.17. SCADA main window
Attending to the control of the developed power converters, the SCADA system allows
controlling the start-up and stop actions, as well as the graphic representation of the electrical
parameters, Figure 3.17 and Figure 3.18. In accordance with the security philosophy implemented
in all the equipment, the SCADA system allows the user to show all the information based on the

current status of each device, and in case of error, what anomaly causes it.

a)
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Figure 3.18. a) SCADA tab for PV-converter. b) SCADA tab for FC-converter

In case of management of the fuel cell BoP, the control electronics are monitored through

allowing visual identification of any malfunction in the system, Figure 3.19.
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Figure 3.19. SCADA tab for Fuel cell BoP management
Finally, the SCADA system allows the real-time visualization of the control system. The
proposed graphic representation allows identifying quickly the input and output parameters of the
plant and the controller based on the typical representation of the control loop of an MPC

controller, Figure 3.20.

Additionally, the most relevant information of the current state of the system is available
based on the technical and economic parameters that define the multi-objective function of the

optimization problem.
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Figure 3.20. SCADA tab for MPC Control
Finally, there is a window in which the time evolution of all the electrical variables of the
system is represented, Figure 3.21, in such a way that any anomaly can be identified, as well as it

allows to test different energy management strategies into the smart grid.
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ARTICLE INFO ABSTRACT

Hybrid systems are presented as a viable, safe and effective solution to minimize the associated problems of the
dependence on renewable energies with the environmental resources. In this way different renewable systems
such as photovoltaic, wind, hydrogen and so on, can work together to configure hybrid renewable systems.
However, to make them work properly in a holistic way by creating synergies among them is not an easy task.
Recently hydrogen technology has appeared as a promising technology to hybridize renewable energy systems,
since it allows the generation (by electrolyzers) and storage of hydrogen when there is a surplus of energy in the
system, and at a later time (e.g. when there are insufficient renewable resources available) using the stored
hydrogen to generate electrical energy by fuel cells. The choice of a correct energy management strategy should
guarantee an optimum performance of the whole hybrid renewable system; therefore, it is necessary to know the
most important criteria in order to define a management strategy that ensures the best solution from a technical
and economic point of view. This paper presents a critical review and analysis of different energy management
strategies for hybrid renewable systems based on hydrogen backup. In the same way, a review is also presented
of the most important technical and economic optimization criteria, as well as problems and solutions studied in

Keywords:

State of art revision

Energy management strategy
Hybrid renewable power systems
Hydrogen backup

the scientific literature.

1. Introduction

With the advancement of civilization and evolution of technology,
energy demand has become a basic issue for the development of a so-
ciety today. The usual ways to address this demand today are based
mostly on resources such as fossil or nuclear fuels [1-3], which have a
negative impact on the environment, either contributing with green-
house gases, or by production of radioactive or inert solid waste. For
this reason, every day the need to migrate to more environmentally
responsible energy production models becomes more evident.

Together with the above, due to the high-energy requirement, it is
necessary to look for generation models to ensure maximum system
performance, minimizing the use of resources, cost and thus the en-
vironmental impact. In recent decades, the use of distributed generation
has emerged as a viable and safe solution to increase electrical system
performance, reducing the distance between generation and demand
[4,5].

The incorporation of renewable energies is a non-polluting solution
for a distributed generation, allowing different generation points in the
geography of a country, region or even district, as well as providing a
viable alternative from a technical and economic point of view for

* Corresponding author.

http://dx.doi.org/10.1016/j.rser.2017.09.014

isolated generation applications [6-9]. Among the main renewable
energy sources for distributed generation, we can find photovoltaic
panels, small and medium wind turbines, micro-hydro turbines, bio-
mass and biogas [27]. The electricity production by hydropower, bio-
mass and biogas need a constant supply of fuel and resources, which
would imply a major economic commitment to such a sector and there
are a lot of pollutant emissions in the case of the last two technologies;
so they would not be suitable for small outlets in homes, small business
systems etc. By contrast, wind and solar sources can be more suitable
and they are nonpolluting [27]. This is why most applications choose
these sources to implement hybrid systems based on renewable en-
ergies. The wind resource, despite being available throughout the day,
has a high randomness and large variations in the short term, so it is not
a reliable source for supplying a load [8]. On the other hand, although
the solar resource is more predictable and suffers less pronounced
variations, there can be no solar production during the night or at dawn
or nightfall, so production is minimized due to the reduced amount of
incident radiation, resulting in an energy deficit [28].

Despite the benefits of renewable energy, there are associated pro-
blems with each technology, such as dependence on environmental
resources, high cost, etc. To minimize the negative impact of these

Received 26 April 2016; Received in revised form 20 August 2017; Accepted 2 September 2017
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Nomenclature

BAT Battery

CHP Combined Heat and Power (cogeneration)
DOD Depth Of Discharge

ELEC Electrolyzer

FC Fuel Cell

LPSP Loss of Power Supply Probability

MH Metal Hydride

MPPT Maximum Power Point Tracker
MT Micro Turbine

PV Photovoltaic source

SC Supercapacitor

SOC State Of Charge

uc Ultracapacitor

WT Wind Turbine

disadvantages, hybrid systems are presented as a viable, safe and ef-
fective solution [10-16].

The use of hybrid systems with different generation sources is an
acceptable solution to cover the deficiencies of the different elements,
but a backup system is necessary for an optimal power supply [5,15].
Nowadays for small and medium scale, energy is stored mostly in
batteries and, for specific applications, in supercapacitors. For larger
scale storage, potential energy is used with hydro pumping in swamps.
Because wind and solar resources have a stochastic behavior, and the
supply of the load profile is the main objective of generation systems,
the use of energy storage systems is necessary to ensure the demand is
reached and the stability of the supply system [28]. In the short term,
energy storage systems have the primary function of supporting excess/
deficiency of energy, and guaranteeing system security and power
supply when the load changes [1]. In contrast, in the long term, energy
storage systems have the function of providing the demand for a long
period when the generation is not sufficient to maintain the load [1].

Traditionally, batteries and more recently supercapacitors have
been used as short-term energy storage systems. Supercapacitors have a
better dynamic behavior than batteries, so they can respond to demand
shocks and supply energy almost immediately [29]. Moreover, their
lifetime is very high with a safe operation without emission of harmful
gases [29]. Despite all these advantages, their low capacity restricts
their use. In contrast, batteries are elements with worse dynamic re-
sponse, and a limited lifetime based on the number of charge/discharge
cycles. Additionally, batteries may suffer deterioration and during
normal operation can produce harmful gases [30]. The fact that the
batteries have gained greater prominence is mainly because of their
high load capacity and the ability to support a higher density of dis-
charge current in amplitude and time. These features ensure greater
security in the system response, since batteries can withstand longer
defects and deficiencies in generation and dynamic changes in demand.

The long-term energy storage systems have always been based on
non-renewable energy sources, such as diesel generators. These gen-
erators require high maintenance cost and produce sound and en-
vironmental pollution.

Recently, the use of hydrogen technology is presented to have a
future value [15,17]. The use of hydrogen as a fuel in fuel cells is
showing its strengths compared to diesel systems. Fuel cells have higher
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performance, lower maintenance and no emissions. Because hydrogen
is an energy vector and it can be produced renewably, it is ideal for use
as renewable energy storage [18,19]. The use of hydrogen as an energy
vector absorbs excess energy during generation and produce energy in
stages of energy deficit [14]. This alternative decreases battery size and
increases system performance by taking advantage of energy surplus.
Despite the benefits of using hydrogen, it is true that greater control,
security and associated equipment for proper operation is necessary
[15].

The energy transformation based on electricity-hydrogen-electricity
relation is a starting point for new models of energy storage for ex-
ample: power to gas [20-27].

In order to ensure proper operation of hybrid systems based on re-
newable energy, guaranteeing the demand and increasing the system
performance, it is necessary to use energy management strategies
[6,28-30]. The goals of these strategies will determine the behavior of
the system, so it is very important to define a proper management
strategy. Therefore, this paper undertakes a review of different energy
management systems on hybrid power systems based on renewable
energies, with the use of hydrogen as an energy vector. Section 2 in-
cludes a review and a classification of the most common topologies
studied in the scientific literature. In Section 3, a review of the main
techno-economic criteria for designing energy management strategies is
done. In Section 4 solutions adopted in the literature are presented.
Section 5 reviews and analyses different strategies used in the scientific
literature. Finally, Discussion and Conclusions are compiled in Sections
6 and 7 respectively.

2. Configuration of hybrid renewable systems

Hybrid systems can be classified in different ways; the most
common are those which distinguish the different systems depending
on their connection to the grid; as well as the method of integration of
elements inside the system.

2.1. Classification according to grid connection

Hybrid generation equipment can be classified according to their
stand-alone or grid connected operation. The use of one or another

Fig. 1. Example of isolated topology.
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Table 1
Configuration and topology summary.

Ref. Topology Integration method
[2,3,19,30-45] Grid connected DC Bus
[5,8-12,28,29,46-93] Isolated DC Bus

[94-96] Isolated AC Bus

[97] Isolated Hybrid Bus

topology is mainly determined by the application and financial cost.

2.1.1. Isolated systems

In this topology, the system is isolated from the grid, so it is re-
sponsible for ensuring load demand at all times. The problems asso-
ciated with this configuration are related to reliability and perfor-
mance. Using a fully insulated system can endanger the security of the
energy provided, due to the limited number of resources available.
Similarly, the energy excess is a problem, and so it must be discarded,
reducing system performance. For these reasons, this configuration has
only technical and economic viability in applications where it is im-
possible or very expensive access to the grid connection. An example of
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Fig. 2. Example of grid connected topology.

Main Grid

isolated topology is presented in Fig. 1.

2.1.2. On-grid systems

In this configuration, the system is connected to the grid. This
connection ensures demand is provided for in energy deficit situations,
and increases system performance to take advantage of the energy ex-
cess for sale and distribution in the energy market. The use of this type
of topology leads to new production models and energy management
strategies based on consumption and distributed generation in small,
medium or large scale. An example of a grid-connected configuration is
presented in Fig. 2.

2.2. Classification by integration method

This type of classification distinguishes the system depending on the
nature of the internal interconnection bus. The function of this bus is to
create a physical link between all the elements, so generation and
consumption is through the conditions imposed on the bus. Depending
on the nature of the bus, we can distinguish between DC, AC or hybrid
types. A summary table depending on grid connection and integration
method is presented in Table 1.

Fig. 3. Example of DC bus.

DC LOADS

AC LOADS
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2.2.1. DC Bus

These buses are commonly used in low power applications because
of a number of technical advantages that facilitate its use. Among these
advantages, we can highlight their reduced losses and simplicity of use,
avoiding technical problems related to power quality [1]. As a dis-
advantage, this configuration requires a larger number of conversion
elements, because most of the loads must be supplied with AC. An ex-
ample of topology based on a DC bus is presented in Fig. 3.

2.2.2. AC bus

AC buses are widely used in applications of medium and high pro-
duction, due to the technical simplicity of operating at higher voltages
than in DC, reducing internal losses of the system. The disadvantages of
this configuration can often endanger the stability or integrity of the
system. The main disadvantage is the need for elements for power quality
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Fig. 4. Example of AC bus.

DC LOADS

AC LOADS

correction [1]. It is increasingly common to find inductive and electronic
loads that reduce the power factor and include harmonics respectively. A
reduced power factor and high number of harmonics can damage the
different generators, and requires the use of filtering and compensation
elements, increasing the complexity and cost of the system. An example of
AC bus-based configuration is presented in Fig. 4.

2.2.3. Hybrid bus

This configuration makes use of both buses (DC and AC) inter-
connecting generators and consumption which have the same nature.
The principal advantage of this configuration is the reduction of power
converters. As the main drawback of the system, it must be emphasized
that the control is more complex, operating on two different networks,
ensuring the balance of power at all times. An example of topology
based on Hybrid bus is presented in Fig. 5.

Fig. 5. Example of Hybrid bus.

AC LOADS

Main Grid
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2.3. Classification by integrated elements

The different integrated elements inside the hybrid system will de-
fine the generation, the energy storage system, or the demand. Next, the
most common solutions adopted in the scientific literature are pre-
sented.

2.3.1. Generation

In case of generation, the most common solutions integrate re-
newable energy sources such as solar panels, wind turbines or hydro
turbines. The use of solar panels guarantees generation during sun
hours with an acceptable prediction margin. Wind turbines have a
stochastic behavior so it provokes an unpredictable generation so the
optimal use of the rest of the elements is necessary to guarantee the
power balance. On the other hand, the wind generation is available
during the entire day, intensified during the night. Wind turbines re-
quire special emplacement and environmental conditions, and there-
fore they are less used. According to the above, the hybridization of
solar panel and wind turbines is considered an acceptable solution to
generate energy from renewable sources.

In grid-connected topologies, the grid could be considered another
generator if the renewable generation and energy storage system is not
enough to guarantee the power balance.

2.3.2. Energy storage system

Batteries and/or supercapacitors seem to be the most important
storage systems used in small applications. This solution permits the
voltage stabilization of the internal DC bus, absorbing the transients
during generation or load changes. Batteries and to a lesser extent su-
percapacitors represent the short-term storage system, and they are
conceived as the main element of the system, whose parameters will
define the operation of the other energy storage systems.

According to the goal of this paper, the hydrogen storage system is
studied and evaluated in all the reviewed literature. This solution is a
medium-long term storage system that is used to supply the demand
when renewable generation and short-term storage systems are not
enough. The main elements that compose the system are a fuel cell and
hydrogen storage. The use of an electrolyzer or a reformer process
(depending on application) is also extended and permits the utilization
of excess energy to generate hydrogen and thus close the hydrogen
energy cycle.

Other non-renewable storage systems are also used as the last resort
to ensure demand. The most common solution is the use of diesel
generators that are a synonym of pollution and fossil fuel consumption.

2.3.3. Demand

The demand will depend on the application in which the hybrid
renewable system will be used. Desalinization processes, isolated tele-
communication stations, distributed generation or residential uses are
examples of different applications.

Finally, according to grid connection, the grid could be considered
as another demand when it is necessary to guarantee the power balance
during energy excess situations or when the purpose of the system is the
energy injection to the national/regional/local energy system.

A summary based on all the previous classifications is shown in
Table 1. Additionally, Appendix A includes an extended table where
topology and integration methods, as well as constituent elements are
also detailed for each reference.

2.4. Configurations review

Attending to the previous classifications and attending to different
configurations and topologies, a brief analysis is performed bellow.

2.4.1. Single generation and single storage system
Configurations with DC bus and single generation which use only
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hydrogen storage systems are studied in these references:
[10,38,39,63,67,73,85]. From the previous works in [10] and [38] an
isolated and grid connected topology respectively use wind turbine as a
renewable generator. Fuel cells represent the unique hydrogen backup
system. Electrolyzers are included in isolated topologies in [63,67,73]
and [39]. Solar panels are used as the main generator in [63] and [73],
meanwhile in [67] and [39] the wind turbine replaces them.

2.4.2. Single generation and hybrid storage system

Configurations which include single generation, modeled by solar
panels; and batteries and fuel cells/hydrogen as hybrid storage systems
are presented in [5,31-33,48,49] and [40]. In [5,48,49] isolated ap-
plications are studied meanwhile grid connected topologies are studied
in [31-33] and [40].

Electrolyzers are included in [9,41,50,64,65,71,77,80,83,91,92].
From previous configurations, only [9] and [41] present wind turbines
as the only generator system. From the grid connection point of view,
all the previous configurations except [41] present an isolated topology.

Finally, [83] presents an isolated application in which micro tur-
bines are the main generator of the system, while batteries and fuel cells
represent the hybrid storage system.

2.4.3. Hybrid generation and single storage system

In [2,34], and [36] a grid connected application based on DC bus
integrates a hybrid generation composed of solar panels and wind
turbines as main generators, and fuel cells/hydrogen as a unique sto-
rage system. On the other hand, [68] presents the same integrated
elements in an isolated topology. Electrolyzers are included in the
previous  configurations in  [8,19,29,37,43,60,66,69,70,84,88,
94,95,97]; from which, [19,37,66,94] and [88] are developed in an
isolated topology. A diesel generator is also included in an isolated
application in [90].

Finally, from the integration method point of view, exceptions
studied in [97] and [95] present a hybrid DC/AC and AC bus which are
used respectively to integrate all the elements inside the hybrid system.

2.4.4. Hybrid generation and hybrid storage system

Isolated configurations which use solar panels and wind turbines as
hybrid renewable generation, and batteries and fuel cells as hybrid
storage systems are studied in [11,12,52,72] and [74]. In these con-
figurations, hybrid generation and storage systems are used to solve the
disadvantages of each technology taking advantage of the other ones.
Hydrogen generation by electrolyzer is not considered in these appli-
cations.

The use of complete hybrid generation and hybrid storage systems
under a DC bus in isolated application is presented in
[28,30,32,46,51-59,61,62,75,76,78,79,81,82,86,87]. The use of hybrid
generation is based on solar panels and wind turbines. On the other
hand, the energy storage system is composed of batteries as a short-
term storage solution, and fuel cells and electrolyzers as the hydrogen
storage system. In these applications, electrolyzers take advantage of
energy excess to produce hydrogen by electrolysis process. AC bus is
used only in [96]. The same integrated elements are used on grid
connected application in [3,30,35,42,44,45,93].

Finally, isolated configurations which also include diesel generators
as long-term storage system are studied in [28,52,57,82,87,89,96].

3. Techno-economic criteria

To develop an energy management strategy in a hybrid renewable
energy system it is necessary to take into account technical and eco-
nomic criteria. These parameters will help to design a correct energy
control, increasing the system performance. A description of the most
important technical and economic criteria will be made below.
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3.1. Technical criteria

Technical criteria are those that refer to the proper functioning of
the equipment, in order to increase performance and reduce their de-
gradation during normal system operation. A summary of technical
considerations is presented in Table 2. The highlights to consider are
presented below.

3.1.1. Solar & Wind sources

- MPPT techniques: The use of these techniques allow maximum
performance and production for an environmental resource at a
particular time [2,46].

- Wind turbine as main generator: Configurations that use wind tur-
bines as the main generator can cause more changes in generation,
so it will provoke an increased use of batteries and high number of
start/stop cycles for electrolyzers and fuel cells. The use of solar
panels and wind turbines enables a more consistent production
during the day and takes advantage of the maximum wind resources
overnight. With this topology, the use of energy storage equipment
will be reduced and allows maximization of the environmental en-
ergy resources.

3.1.2. Battery

Short-medium term energy storage elements like batteries, can in-
crease the system security under changes in consumption or production,
and also during startups or shutdowns of the long-term storage equip-
ment which has a slower dynamic [98-100]. In the same way, batteries
will supply energy during energy deficit situations, allowing the re-
duction of hydrogen utilization, and therefore reduction in fuel cell and
electrolyzer degradation by use.

- Battery discharge: The battery degradation is highly influenced by
its own use. The use of high discharge depths may accelerate the
battery deterioration, reducing its lifetime [101]. For lead acid
batteries, a suitable sizing is one that estimates a running mode of
operation around 20-30% of the DOD. Optimum replacement is
determined when the maximum capacity of the battery has fallen to
80% of the initial nominal capacity [102].

- Battery charge: The charging process is crucial to operate the bat-
teries safely and effectively [103-108]. There are different charging
protocols depending on the battery technology and the desired
charging rate. Despite this, a number of considerations need to be
taken into account. The use of high charge currents can damage the

Table 2
Summary of technical criteria.
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cells and thus produce accelerated aging by corrosion [103-108].
Fast charging protocols require high voltages and high current, and
therefore provoke an inefficient charge process, which can cause
overcharge if it is not controlled. In spite of the above, the charge
efficiency is very high even under fast charging processes.

On the other hand, a slow charging process allows a safer and more
efficient charge but it will cost some hours or even days [103-108].
Therefore, these charge processes would not be appropriate in hy-
brid systems whose generation is based on solar panels, because it
will depend on weather conditions. In addition, a low voltage charge
process can cause sulfation due to a low electrolyte renewal rate.
Additionally, it is necessary to consider other factors such as the
imbalance of charge between batteries, typical in series connection.
In the long term, this problem can cause large voltage deviations
between batteries causing non-homogeneous charging [107,108].
Battery maintenance: The use of batteries requires basic main-
tenance principally to ensure correct operation and an increase in its
lifetime. The main problem is related to self-discharge which causes
capacity losses and even sulfation in case of long periods of in-
activity [107,108].

3.1.3. Hydrogen resource

The proper use of hydrogen resources will increase the system
performance in situations of excess or deficit of energy. In the case of
using metal hydride tanks as storage technology, a proper management
during the process of charge and discharge will be interesting to ensure
a correct use.

- Hydrogen storage: Hydrogen storage systems are a safer solution
which permits high energy density, high lifetime and a recharge
time lower than that required by the batteries.

Electrolyzer operation: Hydrogen based technology as electrolyzers
and fuel cells has a proportional degradation with the number of
start-stop cycles, as well as operating time [109,110]. An electro-
lyzer operating at low power can cause difference in pressures be-
tween the anode and cathode side, resulting in a flow of reagents
from one electrode to another (crossover), obtaining products with
low purity [111-113]. Similarly, operating at high powers causes a
very high gas production, resulting in an accumulation of bubbles at
the electrodes. This fact implies the reduction of the bonding surface
between them and the electrolyte, increasing the electrical re-
sistance and therefore reducing the performance [114-116]. Then
the power operation will result from a combination between these
previous processes.

P —

Start-stop cycles and

Solar and wind based topology allow
maximization of energy resources

MPPT improve power generation

Production depends on weather
conditions

Batteries improve system
security

Reduce fuel cell and

electrolyzer operation time,

and therefore operation
degradation

Lifetime depends on DOD

Start-stop cycles in
electrolyzers produce
deterioration

load changes in fuel
cells produce
deterioration

Low/High electrolysis
power provokes low
puricity and low
efficiency respectively

Operation in ohmic
region improves
efficiency
Power converter
operation can cause
deterioration
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- Fuel cell operation: Fuel cells suffer deterioration in start-stop cycles
and load changes [117]. During the processes of startup and shut-
down, over voltages appear due to reverse current between cathode
and anode in the presence of air in one of the electrodes. This
problem causes the oxidation of carbon (CO,) in the bipolar plates,
decreasing catalyst surface due to platinum-CO, reactions, resulting
in increasing of mass transport losses [118-126]. In case of load
changes, a non-uniform temperature distribution can appear over
the membrane and the catalyst surface, which may cause similar
problems as start-stop cycles [17,118,121,123]. Finally, the use of
fuel cells at very low and very high power causes a low performance
operation. For this reason, the operation of fuel cells typically takes
place in the ohmic operation zone [9].

Thus, the use of fuel cells as well as the operating point should be
chosen taking into account the above restrictions.

- Effect of power converters over the fuel cell: The use of power
converters can also have a negative influence on the degradation of
fuel cells. The high operating frequencies can be filtered by the in-
ternal dynamics of the stack on the model of double capacitance
[127]. Low frequencies, switching or harmonics between 0.1 and
100 Hz cannot be filtered, and so produce negative effects as dis-
cussed for load changes [126-130].

3.2. Economic criteria

The economic criteria are those that focus their efforts on economic
decisions, trying to give a system response economically viable to
compete with traditional systems. A summary of economic criteria is
presented in Table 3. Main issues to consider when choosing generation
and storage systems are presented below.

3.2.1. Solar & wind sources

The use of generators based on solar and wind energy, ensures long
operating life and low operating and maintenance costs compared to
other renewable technologies [1,131]. The use of renewable energy
systems can impact discounts on energy invoices as well as facilitate the
market entry of new methods of consumption, as a net balance system
[132].

3.2.2. Energy management strategy
The use of a proper energy management strategy which takes into

Table 3
Summary of economic criteria.
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account the technical criteria presented in the previous section, will
increase the lifetime of elements, and reduce replacement and oper-
ating and maintenance costs [133].

3.2.3. Battery

The use of short-term storage systems like batteries increases system
security against the use of elements with slower dynamics such as fuel
cells and electrolyzers [47-49]. A secure system is that which ensures
critical loads at all times, minimizing damage and penalty cost by
power failure situations.

In the same way, batteries present a more economical solution with
respect to hydrogen storage systems.

3.2.4. Hydrogen resource

The use of hydrogen-based storage compared to fossil fuel based
technologies such as diesel generators, allows the production of elec-
tricity with higher performance, low emission and reduced operating
and maintenance costs [1,13,131].

~ Electrolyzer:
PEM electrolyzers today constitute a promising technology but it is
already under investigation. The reduced lifetime and the higher
overall cost of this type of electrolyzer, are the main reason why
alkaline electrolyzers are widely used, becoming a more competi-
tive, safer and well known option for hydrogen production tech-
nologies [112,114,116].
The use of electrolyzers in isolated configurations increases system
performance because they use energy excess to produce hydrogen.
~ Fuel cell

The use of fuel cells will provide a faster response, working at lower
temperatures than other technologies on the market [121,134,135].
This will enable a faster response under dynamic changes in demand or
generation, reducing problems associated with the lack of power in
heavy load situations.

4. Techno-economic solutions

In order to optimize the energy management strategy based on the
criteria presented in the previous sections, the scientific literature in-
cludes different technical and economic solutions for the operation of
the most vulnerable elements of the system, such as batteries and hy-
drogen-based elements for production and consumption as electrolyzers
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Table 4
Summary of techno-economic solutions.
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and fuel cells respectively. A summary of techno-economic solutions is
presented in Table 4. The main solutions proposed in the literature are
described below.

4.1. System configuration

- The use of a DC bus provides a simple way to control the energy
exchange between the elements, avoiding power quality problems
and power factor correction. In the same way, it can reduce the
number of devices needed to adapt the generation, because most
generators produce in DC currents [1].

- In case of a grid-connected system, the use of supercapacitors allows
the correction of the power factor by injecting reactive power into
the internal bus [31].

- The use of the grid will help to ensure the power balance, and supply
the demand or absorb energy in case of deficit/excess energy si-
tuations respectively.

4.2. Batteries

- Battery connection: Direct connection of batteries to the internal bus
will save bidirectional converters. On the other hand, a more com-
prehensive power control is necessary in order to resolve the pro-
blem with DC bus voltage variation, and to protect batteries against
excessive discharge or overcurrent situations [136]. The use of
power converters will increase system cost but it allows different
charge modes to protect batteries.

Battery operation: In case of charging situations for batteries, the
use of current mode will allow faster charges for low SOC. On the
other hand, in case of high SOC, the voltage mode will protect the
battery with a slower charge mode in which current will be imposed
by battery voltage [50,137]. The use of a reduced depth of discharge
will extend the lifetime of the battery [98,101,102,138].
Hysteresis Band: The use of hysteresis based on the battery SOC will
determine the start or stop conditions of fuel cell and electrolyzer.
These strategies will reduce the number of operating cycles, and
therefore increase the lifetime of the elements by minimizing their
degradation [18,19,51-59,133]. Strategies with appropriate hys-
teresis bandwidths will increase the system performance, avoiding
the overuse the batteries, and reducing start and stop cycles for
electrolyzer and fuel cell [51,57].

4.3. Hydrogen resource

- Electrolyzer operation: Strategies which impose a minimum oper-
ating power for the electrolyzer, allow the operation in a high effi-
ciency area, and high purity production [18,47,50,111-113]. The
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use of electrolyzers under variable power conditions can increase
the hydrogen production [54,133].

Fuel cell configuration: The use of a modular fuel cell system will
help to increase the safety system response, just as it may be adapted
to the demand in the proper way, regarding the use of a single fuel
cell with high nominal power [29].

Fuel cell operation: Fuel cells always operate in the ohmic zone,
ensuring high performance and low degradation [9]. Similarly, the
operation at constant power will reduce problems related to dy-
namic changes in the demand and damage associated
[118,121,123].

Power converter switching: The implementation of active or passive
filters reduces the effect of switching of power converters for fre-
quencies between 1 and 120 Hz [60,127,128].

5. Energy management strategies

To operate, integrate and interconnect several devices in a genera-
tion system, ensuring safe operating regime and fulfilling the goals, a
control system to manage the energy is necessary. A proper energy
management strategy enables the system to supply the demand, in-
crease the lifetime of the elements, reduce operating costs and therefore
maximize system performance, providing a technically and economic-
ally feasible option. The aims of the different management strategies
influence the behavior of the system. Most of the works found in the
scientific literature present simulated strategies for hybrid systems, in
order to maintain the demand, obviating technical and economic op-
timization criteria and multiple problems associated with real systems,
such as degradation of hydrogen equipment or a correct management
energy vector. Next, a review of the different strategies used in the
scientific literature can be found, analyzing the different objectives
used in each one. A summary and description of all works studied in
this section is presented in Appendix B-E according to the four strate-
gies studied bellow.

5.1. Strategies in which the objective is to the ensure the demand

The main objective of this type of strategy is to satisfy the demand,
and for that it bases its control algorithm mainly on three design cri-
teria: power balance, state of charge of the batteries and hydrogen
stock, depending on the elements which integrate the system (see
Table 5). These design variables establish the operating limits of major
energy storage systems, such as batteries to short-term storage, and fuel
cells and electrolyzers to long-term storage.

The main advantage of this strategy is the simplicity in design and
control, governed mainly by algorithms based on simple flow chart
diagrams. In the same way, sizing applications that include this strategy



F.J Vivas et al

Table 5
Summary of strategies which objective is to ensure demand.
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Ref. Optimization objectives Design constrains Control Algorithm
[2,5,8-12,29,32-34,41,46,48,49,61-63,65-69,72,73,88-92,94,97] Ensure Demand Sizing Power balance Flow Chart

SocC

H; Stock

[31]

[55]

[64]

[701(71]

Sizing

[35]

Ensure Demand

Ensure Demand

Ensure Demand

Ensure Demand

Ensure Demand

Power balance
Battery Voltage
H; Stock
Power balance
socC

H; Stock
Power balance
soc

H; Stock
Power balance
socC

H, Stock
Power balance
soc

H, Stock

Linear Programming

Model Predictive Control

Fuzzy Logic

Pareto Optimal Solution

Flow Chart & ANFIS

are also simplified. On the other hand, the non-use of optimization
parameters based on equipment degradation, modes of operation or
operating costs of the system, causes a non-optimal solution from a
technical and economic point of view.

A summary scheme of the main characteristics of this strategy and a
review of the optimization objectives, design constrains and control
algorithm is presented in Fig. 6 and Table 5 respectively.

The operating priority is shared by almost all reviewed works,
[9,11,12,32,33,35,41,46,48,49,55,61,62,65,71-73,88,90-92], and they
give to the short-term storage system the responsibility for absorbing
transients and stabilizing the power balance between a maximum and
minimum state of charge. From these values, the fuel cell and electro-
lyzer will operate for the cases of excessive deficit or excess of energy
respectively. The use of short-term storage systems implies having an
element capable of dumping certain deviations in the power balance,
and therefore limiting the use of the hydrogen storage system against
situations of high excess or energy deficit. All this results in a lower
degradation of these elements and therefore an increase in the useful
lifetime of the system, to the detriment of the batteries.

There are other works whose strategies differ from the previous one.
These other ones lack short-term storage elements, and therefore the
SOC of the batteries/SC is not a design parameter. For example, in

[2,8,29,34,63,66-70,89,90,94,97] the start/stop conditions of the hy-
drogen storage system will be determined by the value and sign of the
power balance. This solution causes a high number of starts and stops of
the fuel cell and electrolyzer, and consequently reduces the useful
lifetime due to associated degradation.

With respect to the hydrogen-based energy storage system, the
topologies  studied  in  [8,9,29,35,41,46,55,65-67,69,72,73,
88-92,94,97] have a hydrogen generating element, which allows the
increase of the performance of the system by taking advantage of the
excess energy and converting it into hydrogen. This hydrogen can be
used by the fuel cell when it was necessary.

In the case of isolated topologies such as those presented in
[5,8-12,29,35,46,48,49,55,61-63,65-68,73,88-92,94 97], the energy
generation which cannot be stored by the energy storage systems is
discarded through dumping loads. This fact implies a reduction in the
operating performance of the system. Conversely, in case of excessive
deficit, a prioritization of loads is necessary and in extreme cases, it is
also necessary to disconnect the demand. This type of topology allows
an operation strategy highly conditioned by the system sizing, and
therefore the satisfaction of the demand can be put at risk.

On the other hand, in grid-connected topologies, the grid is an ac-
tive element of the system and it allows maintaining the power balance
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Fig. 6. Main characteristics of strategies for which
objective is to ensure demand.
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by absorbing or supplying energy when the hydrogen stock is over its
respective operating limits. In these topologies, such as those studied in
[2,31-35,41], the excess or deficit of energy is corrected by the injec-
tion or purchase of energy from the grid. These topologies allow higher
flexibility in the strategy and, also guarantee demand under any en-
ergetic situation.

Finally, based on the control algorithm, Flow Chart algorithm is the
most extended solution, while other optimization algorithms are also
used to calculate the reference power of the hydrogen energy system
regarding the design constrains. As an example, Linear Programming in
[31], Model Predictive Control in [55], Fuzzy Logic in [64], Pareto
algorithm in [70] and [71] or Adaptative Neuro Fuzzy Inference System
in [35]. The problem associated with these control algorithms is the
need for accurate models of the overall system, demand and weather
resources.

5.2. Strategies whose objectives include technical decision factor

These strategies, as well as ensuring demand at all times, take into
account technical criteria in order to ensure the proper use of the

Table 6
Summary of strategies whose objectives include technical decision factor.

equipment. The main target of these strategies is to reduce the de-
gradation of the equipment more susceptible during operation of the
system. These elements are battery, electrolyzer and fuel cell. The so-
lutions adopted in the literature are diverse and depend on the main
goal of the study. In order to perform the control algorithm, power
balance, state of charge of the storage system and degradation para-
meters are defined as design constrains.

The main advantages of these strategies are their medium com-
plexity design and control, and the good results in terms of system
performance and/or lifetime, depending on the optimization objective.
On the other hand, economic parameters are not taken into account, so
the system response is not optimized.

A summary scheme of the main characteristics of this strategy and a
review of the optimization objectives, design constrains and control
algorithm is presented in Fig. 7 and Table 6 respectively.

As for the previous case, the most common solutions integrate short-
term storage systems, and therefore, they will operate in first instance
to absorb or supply energy when it is necessary. The use of long-term
storage system based on hydrogen backup will operate when the
maximum or minimum operating limits of batteries are reached. In the

Ref. Optimization objectives Design constrains Control Algorithm
[19] Ensure Demand Power balance Model Predictive Control
Increase Lifetime
[30,47,50-,56-58,60,74,76,95] Ensure Demand Power balance Flow Chart
Increase Performance soc
Increase Lifetime H Stock
[36] Ensure Demand Power balance Differential Flatness Based Control
Stability SC Energy function
[75] Ensure Demand Power balance Linear Programming
Maximize H, generation soc
1771 Ensure Demand Power balance Fuzzy Logic
Maximize H, generation soc
Minimize Battery use
[78] Ensure Demand Power balance Dynamic Real-Time Optimization
Increase Lifetime Load Forecast
[79] Ensure Demand Power balance Fuzzy Logic
Increase Lifetime soc
[80] Ensure Demand Power balance Flow Chart
Increase Lifetime soc
H, Stock
Weather Forecast
[81] Ensure Demand Power balance Artificial Neural Network Controller
Increase Lifetime soc
H; Stock
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case of isolated topology, the use of dumping loads and demand
prioritizing are the most common solutions to solve the energy excess or
high deficit of energy situations. On the other hand, in the case of grid
connected topologies, the grid will absorb or supply energy when the
energy storage system is over its operation limits. An example of ap-
plication of these strategies are presented in
[19,30,47,50-54,56-58,60,74,80,95].

Other works define the priority and the power reference of the
elements based on the solution of different algorithms which have taken
into account diverse parameters. Examples of that are studied in
[36,75-79,81].

The main differences between these strategies and the ones studied
in the previous section are based on the restrictions imposed to the
operation points of the energy storage system to assure the different
objectives, increase the system lifetime or increase the system perfor-
mance.

In order to increase the system lifetime, different solutions are
adopted to reduce the degradation caused by start/stop cycles of elec-
trolyzers and fuel cells. [53][541[56][57]1[58] use a strategy based on
hysteresis operation mode, which are defined by the predefined values
of battery SOC. Despite being an important improvement from the point
of view of degradation, the hysteresis bandwidth is fixed and modeled
by a simple flow chart. For this reason, there is room for improvement
in the storage system utilization.

In the same way, [19,52,79,80] use weather and demand prediction
in order to determine if the use of hydrogen storage system in the next
iteration step is necessary, reducing unnecessary start/stop cycles. To
implement the control law, flow chart algorithm is used in [52] and
[801, while [19] and [79] use Model Predictive Control and Fuzzy Logic
respectively. According to above, the reliability of the strategy will
depend on accurate forecast and reliable system models to perform a
correct operation, and therefore the system performance will be con-
ditioned by the accuracy of the models used.

Finally, [81] proposes a strategy in which Artificial Neural Network
Controller is used to define the power reference of the hydrogen storage
system in order to maintain the battery SOC in a fixed point. This
strategy will increase the battery lifetime at expense of an intensive use
of the fuel cell and electrolyzer. The system operating and maintenance
cost in this strategy will be huge because of the higher degradation on
the hydrogen storage system.

With the objective to increase the system performance, three solu-
tions are adopted.

The first one tries to guarantee high purity products from electro-
lysis process. To get this target, in [30,47,51,95] a simple strategy
based on flow chart and imposed minimum power to start up the
electrolyzer is used. This constraint helps to solve degradation problems
associated with the fuel contamination on fuel cells. On the other hand,
higher utilization of batteries will be required to assure the minimum
power of the electrolyzer in the case of a low power balance.

The second solution implemented in [74] modifies the fuel cell
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power in order to operate always in its maximum efficiency point. This
strategy causes the fuel cell generation to not be synchronized with the
energy requirements, and therefore implies a higher use of batteries and
even start/stop cycles.

The last solution has the goal to maximize the hydrogen production.
To get it, an optimization problem is defined in [75,77,78], and solved
by different optimization algorithms: Linear Programming, Fuzzy Logic
and Dynamic Real-Time Optimization Algorithm. The non-use of life-
time constraints could provoke high degradation of the energy storage
system, so this strategy does not get an optimal solution.

5.3. Strategies whose objectives include economic decision factor

These strategies include an economic analysis in addition to a
guarantee of the power balance. These economic parameters will help
to determine an optimal solution from an economic point of view. In
many cases, this optimal solution does not determine a favorable op-
eration for equipment due to not having enough technical criteria to
avoid problems associated with different operating regimes. These
strategies have potential applications on sizing and long-term analysis.

The main advantage of these strategies is the optimal system re-
sponse from an economic point of view. On the other hand, complex
optimization algorithms are used, so it increases the complexity in real
applications. In the same way, the reliability of the model to define the
cost function is crucial to get the best performance. Finally, technical
parameters are not taken into account, so the system lifetime might not
be optimized.

A summary scheme of the main characteristics of this strategy and a
review of the optimization objectives, design constrains and control
algorithm is presented in the Fig. 8 and Table 7 respectively.

The solutions adopted in the literature are based on the use of dif-
ferent cost functions associated with the charge or discharge of the
elements, which determine an optimization problem. Different algo-
rithms are used to calculate the solution of the optimization problem.
These determine the priority and the power reference of each element
which guarantees the most economical utilization of the energy storage
system during each integration period. As happened in previous cases,
the solution implemented in extreme cases of high excess or energy
deficit will depend on the topology.

The main difference between the consulted references is the opti-
mization algorithm used to minimize the cost function (see Table 7). In
the case of grid-connected applications, the interaction between grid
and hybrid system is also taken into account. For this reason, the losses
or benefits when buying or selling energy from the grid are taken into
account as well.

5.4. Strategies whose objectives include technical and economic decision
factors

Finally, this kind of strategy seeks to increase system performance,
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Table 7
Summary of strategies whose objectives include economic decision factor.
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Table 8
Summary of strategies whose objectives include technical and economic decision factor.

Ref. Optimization Design Control Algorithm Ref. Optimization Design constrains  Control Algorithm
objectives constrains objectives
3] Ensure Demand Power balance Model Predictive Control [59]  Ensure Demand Power balance Flow Chart
Cost reduction Cost function Cost reduction soc
28] Ensure Demand Power balance Flow Chart & Genetic Algorithm Increase Lifetime H Stock
Cost reduction Cost function Cost function
[82]  Ensure Demand Power balance Fuzzy Logic & Differential |86]  Ensure Demand Power balance Fuzzy Logic
Cost reduction SocC Evolution Algorithm Cost reduction soc
Cost function Increase Lifetime H, Stock
LPSP Cost function
CO; emissions [87]  Ensure Demand Power balance Particle Swarm
[96]  Ensure Demand Power balance Mixed-Integer Linear Cost reduction soc Optimization Algorithm
Cost reduction SoC Programming Increase Lifetime
H, Stock [44]  Ensure Demand Power balance Particle Swarm
Cost function Cost reduction soc Optimization Algorithm
Weather Increase Lifetime H, Stock
Forecast Increase Performance
[83]  Ensure Demand Power balance Flow Chart 193]  Ensure Demand Power balance Flow Chart & Linear
Cost reduction SocC Cost reduction soc Programming
H, Stock Increase Lifetime H; Stock
Cost function Cost function
[37]  Ensure Demand Power balanc Receding Horizon Opti Degradation
Cost reduction Cost function Algorithm function
[38]  Ensure Demand Power balance Genetic Algorithm [45]  Ensure Demand Power balance Flow Chart
Cost reduction Cost function Cost reduction soc
[39]  Ensure Demand Power balance Receding Horizon Optimization Increase Lifetime H; Stock
Cost reduction Cost function Algorithm Increase Performance  Cost function
[84]  Ensure Demand Power balance Gravitational Search Algorithm
Cost reduction Cost function
(85) Ensire Demand Power balaics:  (Particle Modified Swaithi integrated in a multi-objective function. The solution of this problem by
Cost reduction Cost function Optimization Algorithm 5 3 S i
oad Firacast various techniques, determines the reference power supplied by each
[40]  Ensure Demand Power balance Adaptive Model Predictive element in each iteration, ensuring the power balance with optimal
Cost reduction Cost function Control system performance. Finally, as the previous cases, the solution im-
Load Forecast ) plemented in extreme cases of high excess or energy deficit will depend
[42]  Ensure Derrfand Power balance Fuzzy Logic on the topology.
Cost reduction SocC . . . .
Castfiicion The main advantage of these strategies is the optimal system re-
Weather sponse from a technical and economic point of view. Lifetime and
Forecast performance parameters are taken into account to define the cost
(43]  Ensure Demand Power balance  Interior Search Algorithm function. On the other hand, complex optimization algorithms are used,
Cost reduction soc W B S
H, Stock so it increases the complexity to develop real applications.
Cost function A summary scheme of the main characteristics of this strategy and a

based on the proper supply to demand. Technical and economic criteria
are taken into account to increase equipment life and reduce main-
tenance costs. This strategy has an optimal solution for a technical and
economic point of view, compared to traditional generation alternative
systems. The solutions adopted in the literature are based on nonlinear
optimization problems, using cost and equipment depreciation

review of the optimization objectives, design constrains and control
algorithms is presented in the Fig. 9 and Table 8 respectively.

The main difference between the proposed strategies is based on the
technical constraints, and also the optimization algorithm used to solve
the nonlinear optimization problem.

In [44,86,93] Fuzzy Logic, Particle Swarm Optimization Algorithm
and Linear Programming are used respectively to solve the multi-ob-
jective problem. The cost function includes lifetime parameters of each
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element and also the associated degradation cost. The priority and the
power reference of each element are based on the response of the op-
timization problem.

In [87] a work is presented in which three different objectives are
optimized with the use of Particle Swarm Optimization Algorithm.
These objectives will define three different cost functions depending on
the objective to minimize operation and maintenance cost, increase
system efficiency or increase system lifetime.

In [59] the cost associated with the degradation process is included
in the cost function. The priority of the energy storage system is based
on the energy reserves of each storage system and the associated ac-
cumulated degradation cost.

Finally, [45] presents different cases and strategies based on a flow
chart diagram in which different optimization objectives are studied.
The short-term storage system is the core of the decision, and the start/
stop conditions and power reference of the fuel cell and electrolyzer
will depend on hysteresis operation mode and the optimization objec-
tive. Cost reduction, hydrogen maximization and system performance
are the three main objectives studied in this work.

6. Discussion

Based on the structure of the paper and attending to all the issues
developed in it, the Discussion Section will be classified in each of the
topics analyzed along the manuscript.

6.1. Topologies and configurations

The chosen configuration, the topology and the elements which
compose the system, will determine the operation and performance of
it, (see Table 1 and Appendix A). The main problem to be solved in this
area is the correct management of the energy in situations of excess and
energy deficit, due to the stochastic production of the main sources of
renewable generation.

Isolated topologies present problems related to low performance
and low security to supply the demand. To solve the last problem it is
common to oversize the storage equipment, increasing the investment
cost. In the same way, in case of excess energy, the surplus energy must
be discarded and therefore reduces the performance of the system.

Grid connected topologies allow the grid to be included as an active
part of the system, and therefore optimize the system during excess or
deficit of energy.

According to the energy storage system studied in Section 2.3, the
use of batteries as a short-term storage element allows reduction of
costs and the degradation related to the operation of the hydrogen
storage systems. In addition to the above, simplicity, high efficiency
and modularity help with the integration of these technologies. On the
other hand, the charging process must be controlled and requires high
charging time, caused mainly by the seasonality in photovoltaic or wind
generation. All this has repercussions in a more complex system and the
use of batteries with higher capacity.

Similarly, the use of hydrogen-based storage systems ensures a high
energy density solution to guarantee a constant response against low
state of charge of batteries, as well as a solution to evacuate the excess
of energy in isolated systems. In addition to the above, it is presented as
a clean and low maintenance system compared to traditional diesel
systems. On the other hand, the complexity, the cost of these systems
and their reduced useful lifetime, determine the need of a proper energy
management strategy.

The use of hybrid storage systems will reduce the sizing of both
technologies, as well as provide a more economical, simpler and more
viable solution to the problem of energy storage.

The sizing criteria of these hybrid systems should respond to tech-
nical and economic criteria, as well as the topology used. Due to the
above, grid-connected systems allow a cost reduction in batteries
thanks to the reduction of its capacity. The stock of hydrogen can also
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be reduced because the grid can supply energy during low SOC situa-
tions. In the same way, during charging process, the grid can evacuate
energy, so the hydrogen generator power could also be decreased.

In isolated applications, to guarantee the demand is the priority of
the system, so a more comprehensive sizing process should be carried
out in order to calculate the optimal storage capacity of the two storage
systems. The maximum battery DOD, environmental conditions, de-
mand profile as well as the cost of the different elements, will determine
an optimization problem that requires a more exhaustive analysis.

6.2. Optimization objectives

The optimization objectives analyzed in Section 3, Tables 2, 3 will
determine the performance and complexity of the system operation.
Similarly, system configuration can limit the scope of these objectives.

The main objective of any generation system must be to satisfy the
demand, so additional objectives will be determined by the possible
options that the configuration and topology of the system allows. For
example, isolated systems which only have a storage system based on
batteries or hydrogen will not be able to implement other objectives
than to guarantee the power balance at any moment.

The inclusion of new elements will allow including a degree of
freedom on the decisions of the system against excess or deficit energy
situations. The system response can be optimized according to technical
and/or economic criteria, such as the operation of the system with a
maximum performance or a minimum cost or a minimum degradation.
Those works which integrate both criteria will allow an optimal per-
formance of the system.

The study of new optimization objectives will allow renewable en-
ergy systems to be more competitive from a technical and economic
point of view, thus encouraging the use of environmentally friendly
technologies.

6.3. Techno-economic parameters

The technical and economic parameters are the baseline to define
management strategies to fulfill different optimization objectives.

These parameters will largely depend on the topology and config-
uration used, as they will determine the advantages and disadvantages
of the different technologies as well as the minimum criteria for a safe
and efficient operation.

Taking into account the most used configurations, as has been stu-
died in Section 4, Table 4 the most important parameters to guarantee
the primary objective of satisfying the demand are the power balance,
the batteries SOC and the available hydrogen stock. In the same way, in
order to optimize system response, other criteria may be taken into
account to meet secondary optimization objectives, such as equipment
degradation, battery charging processes, the modularization of the fuel
cell and the operation and maintenance cost.

The inclusion of new technical and economic parameters will allow
a more secure and efficient management of the system, although more
complex energy management strategies will be necessary.

6.4. Energy management strategies

The different energy management strategies are based on the
achievement of different optimization objectives, based on different
technical and economic criteria. These strategies are intended to define
the energy flows during the normal operation of the system, and
therefore to determine which equipment must operate and its power
reference.

Depending on the optimization objectives and the topology and
configuration of the system, the strategy can be more or less complex,
requiring the use of more or less complex optimization algorithms.

In view of the classification of strategies according to their objec-
tives, the simplest strategies are those in which the objective is to satisfy
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the demand, (see Fig. 6, Table 5 and Appendix B). For that, it bases its
control algorithm mainly on three design criteria: power balance, state
of charge of the batteries and hydrogen stock, depending on the ele-
ments that integrate the system. These design variables establish the
operating limits of major energy storage systems, such as batteries to
short-term storage, and fuel cell and electrolyzer to long-term storage.
From the point of view of system performance, these strategies do not
optimize the use of equipment or operating costs, so they are re-
commended for systems with a very simple configuration such as iso-
lated topology with a single energy storage system.

Strategies that take into account technical criteria, try to improve
the system response with respect to the previous strategies, and a more
complex configuration allows their implementation. The main target of
these strategies is to reduce the degradation of the equipment more
susceptible during operation of the system. These elements are battery,
electrolyzer and fuel cell. The solutions adopted in the literature are
diverse and depend on the main goal to study. In order to perform the
control algorithm, power balance, state of charge of the storage system
and degradation parameters are defined as design constrains. Other
objectives that can integrate these strategies are increasing the useful
lifetime, increasing the efficiency of a certain element, increasing the
hydrogen production, etc. Depending on the previous objectives, the
implemented solutions are different including hysteresis operation
mode, minimum power condition for electrolyzer, or fixed operation
power in the case of fuel cells, (see Fig. 7, Table 6 and Appendix C).
These strategies are shown as an incomplete solution, due to the need
for more competitive systems from an economic point of view.

On the other hand, strategies that only take into account economic
criteria provide a solution that tries to minimize a cost function, and for
this purpose, they use optimization algorithms which determine the
priority and reference power of the elements, (see Fig. 8, Table 7 and
Appendix D). This type of strategy increases complexity by introducing
a more complex algorithm, so its implementation in real systems will
require a large computational capacity of the control system. Although
there is an apparent cost reduction with respect to the previous
strategy, it is an incomplete analysis, since it does not take into account
operation costs associated with certain operation modes, such as start
and stop cycles of the fuel cell and electrolyzer.

Finally, we can find strategies which incorporate both criteria,
technical and economic, in order to optimize the response of the
system. These strategies are complex and consider a cost function that
includes degradation parameters associated with each piece of equip-
ment. Technical and economic criteria are examined to increase
equipment life and reduce maintenance costs. This strategy has an
optimal solution for a technical and economic point of view, compared
to traditional generation alternative systems.

The solution of this problem by various techniques, determines the
reference power supplied by each element in each iteration, ensuring
the power balance with optimal system performance. This multi-ob-
jective problem requires a complex optimization algorithm, so it pre-
sents an added difficulty to be implemented in a real system, (see Fig. 9,
Table 8 and Appendix E). Conversely, these types of strategies use the
advantages of the elements to mitigate the effects of the main draw-
backs. That s, despite the fact that complex optimization algorithms are
required these strategies guarantee higher lifetime and better perfor-
mance of the whole system at time that reduced cost.

7. Conclusions
In this paper, a thorough review of the energy management stra-

tegies for renewable hybrid energy systems with hydrogen backup has
been carried out. It classifies and analyzes both the topologies of the
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systems as the criteria and techno-economic solutions until reaching the
energy management strategies. In addition, the work is completed with
an exhaustive discussion based on the obtained results.

Every day it becomes more evident that there is a need to migrate
from a centralized electric model to a distributed model. Distribution
systems based on fossil fuels require importing resources and producing
pollution. Migration models based on renewable energies will allow
generation of a low level of emissions and less dependence on oil.

Despite the benefits of renewable energy, there are problems related
to each renewable source and associated technology, such as depen-
dence on environmental resources, high cost, etc. To minimize the
negative impact of these technologies, hybrid systems are presented as
a viable, safe and effective solution. With them, the use of hydrogen
technology is presented as a future value, mainly due to the high per-
formance of the elements, and the possibility of energy storage in the
form of hydrogen as an energy vector.

In order to ensure a proper operation mode of hybrid systems based
on renewable energy, guaranteeing demand and increasing system
performance, it is necessary to use energy management strategies. The
objectives of these strategies will determine the behavior of the system,
so it is very important to define a proper management strategy. The
study of new technologies based on a technical-economic analysis is a
key factor to make the hybrid system competitive.

For this reason, this paper has presented a comprehensive review
and analysis of different energy management strategies for hybrid re-
newable systems based on hydrogen backup. For this purpose, the first
step has been to classify hybrid systems in different ways. The most
common are those which distinguish the different systems depending
on their connection to the grid as well as the method of integration of
elements inside the system.

Next, attending to the importance of developing an energy man-
agement strategy in a hybrid renewable energy system, technical and
economic criteria have been described throughout. These parameters
will help to design a correct energy control, increasing the system
performance.

Once the technical and economic criteria have been studied, an
analysis about the solutions found in the scientific literature is pre-
sented. In order to optimize the energy management strategy based on
the chosen criteria, the literature includes different solutions for the
operation of the most vulnerable elements of the system, such as bat-
teries and hydrogen-based elements for production and consumption as
electrolyzers and fuel cells respectively.

Finally, a review of the different strategies used in the scientific
literature can be found, analyzing the different objectives used in each
one. A summary and description of all works studied in this section has
been presented in Appendix B-E according to the four strategies studied
above. Moreover, benefits and problems associated with these systems
are defined. The revision includes an analysis of the main character-
istics, highlighting the strengths and weaknesses of each case. Ac-
cording to the latter, we can conclude that the most common strategies
only try to satisfy demand, and in spite of their simplicity, show an
inefficient behavior. Strategies that include technical and economic
criteria are presented as the most efficient and secure, while they re-
quire more complex algorithms that are difficult to implement in a real
control system.

Based on the study done and according to the results, it is necessary
to continue advancing in the development of algorithms and multi-
objective strategies that allow their application in real systems, per-
mitting a more widespread use in distributed energy applications.
Winning the bet on renewable hybrid energy systems with hydrogen
backup depends fundamentally on this.
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Appendix A
Ref. Topology Integration method Integrated Elements
[2] Grid connected DC Bus PV-WT-FC
[3] Grid connected DC Bus PV-WT-BAT-FC-ELEC
[5] Isolated DC Bus PV-FC-BAT
[8] Isolated DC Bus PV-WT- FC-ELEC
[91 Isolated DC Bus WT-BAT-FC-ELEC
[10] Isolated DC Bus WT-FC-SC
[11] Isolated DC Bus PV-WT-BAT-FC
[12] Isolated DC Bus PV-WT-BAT-FC
[19] Grid connected DC Bus PV-WT-FC-ELEC
[28] Isolated DC Bus PV-WT-BAT-FC-ELEC-DIESEL
[29] Isolated DC Bus PV-WT-FC-ELEC
[30] Grid connected DC Bus PV-WT-BAT-FC-ELEC-CHP
[46] Isolated DC Bus PV-WT-BAT-FC-ELEC-SC
[47] Isolated DC Bus PV-WT-BAT-FC-ELEC
[48] Isolated DC Bus PV-BAT-FC-SC
[49] Isolated DC Bus PV-BAT-FC
[31] Grid connected DC Bus PV-BAT-FC-SC
[50] Isolated DC Bus PV-BAT-FC-ELEC
[51] Isolated DC Bus PV-WT-BAT-FC-ELEC
[52] Isolated DC Bus PV-WT-BAT-FC
[53] Isolated DC Bus PV-WT-BAT-FC-ELEC-DIESEL
[54] Isolated DC Bus PV-WT-BAT-FC-ELEC
[55] Isolated DC Bus PV-WT-BAT-FC-ELEC
[56] Isolated DC Bus PV-WT-BAT-FC-ELEC
[57] Isolated DC Bus PV-WT-BAT-FC-ELEC-DIESEL
[58] Isolated DC Bus PV-WT-BAT-FC-ELEC
[59] Isolated DC Bus PV-WT-BAT-FC-ELEC
[60] Isolated DC Bus PV-WT-FC-ELEC-SC
[32] Grid connected DC Bus PV-BAT-FC
[33] Grid connected DC Bus PV-BAT-FC
[61] Isolated DC Bus PV-WT-BAT-FC-ELEC
[62] Isolated DC Bus PV-WT-BAT-FC-ELEC
[63] Isolated DC Bus PV-FC-ELEC
[64] Isolated DC Bus PV-BAT-FC-ELEC
[65] Isolated DC Bus PV-BAT-FC-ELEC
[66] Isolated DC Bus PV-WT-FC-ELEC
[94] Isolated AC Bus PV-WT-FC-ELEC
[67]1 Isolated DC Bus WT-FC-ELEC
[97] Isolated Hybrid Bus PV-WT-FC-ELEC
[68] Isolated DC Bus PV-WT-FC
[69] Isolated DC Bus PV-WT-FC-ELEC
[34] Grid connected DC Bus PV-WT-FC
[70] Isolated DC Bus PV-WT-FC-ELEC
[71] Isolated DC Bus PV-BAT-FC-ELEC
[72] Isolated DC Bus PV-WT-BAT-FC
[73] Isolated DC Bus PV-FC-ELE C-SC
[35] Grid connected DC Bus PV-WT-BAT-FC-ELEC
[74] Isolated DC Bus PV-WT-BAT-FC
[36] Grid connected DC Bus PV-WT-FC-SC
[75] Isolated DC Bus PV-WT-BAT-FC-ELEC
[761 Isolated DC Bus PV-WT-BAT-FC-ELEC
[77]1 Isolated DC Bus PV-BAT-FC-ELEC
[95] Isolated AC Bus PV-WT-FC-ELEC-SC
[78] Isolated DC Bus PV-WT-BAT-FC-ELEC
[79] Isolated DC Bus PV-WT-BAT-FC-ELEC
[80] Isolated DC Bus PV-BAT-FC-ELEC
[81] Isolated DC Bus PV-WT-BAT-FC-ELEC
[82] Isolated DC Bus PV-WT-BAT-FC-ELEC-DIESEL
[96] Isolated AC Bus PV-WT-BAT-FC-ELEC-DIESEL
[83] Isolated DC Bus PV-BAT-FC-ELEC
[37] Grid connected DC Bus PV-WT-FC-ELEC
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[38] Grid connected DC Bus WT-FC

[39] Grid connected DC Bus WT-FC-ELEC-CHP

[84] Isolated DC Bus PV-WT-FC-ELEC

[85] Isolated DC Bus MT-BAT-FC

[40] Grid connected DC Bus PV-BAT-FC

[86] Isolated DC Bus PV-WT-BAT-FC-ELEC

[87] Isolated DC Bus PV-WT-BAT-FC-ELEC-DIESEL

[88] Isolated DC Bus PV,WT,FC,ELEC, BAT, DIESEL

[89] Isolated DC Bus PV,WT,FC,ELEC

[41] Grid connected DC Bus WT,BAT,FC,ELEC

[90] Isolated DC Bus PV,WT,FC,ELEC, DIESEL

[91] Isolated DC Bus PV, BAT,FC,ELEC

[92] Isolated DC Bus PV,BAT,FC,ELEC

[42] Grid connected DC bus PV,WT, BAT,FC,ELEC

[43] Grid connected DC bus PV,WT,FC,ELEC

[44] Grid connected DC bus PV,WT, BAT,FC,ELEC

[93] Isolated DC bus PV,WT, BAT,FC,ELEC

[45] Grid connected DC bus PV,WT, BAT,FC,ELEC
Appendix B

Ref Elements of the hybrid
system / Application

Optimization Design constraints

objectives

Outcome

Strategies which objective is to ensure the demand

[2] PV, WT, FC
On-grid application DC bus
Simulated

[5] PV, FC, BAT
Isolated application DC bus
Simulation results

[8] PV, WT, FC, ELEC
Isolated application DC bus
Simulated

[9] WT, EC, ELEC, BAT
Isolated application DC bus
Simulated

[10] WT, EC, SC
Isolated application DC bus
Simulated

Ensure Power balance

demand

Ensure Power balance

demand

Ensure Power balance

demand

Ensure Power balance, SOC, FC

demand power points, Wind
forecast

Ensure Power balance, DC and

demand SC energy
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Strategy to ensure demand. Wind and solar generators are
presented as the main sources of energy. In the case of excess
energy, it is sold to the grid; the energy deficit is supplied by
fuel cell or grid. It focuses mainly on the design of algorithms to
control power converters, in order to interconnect the different
elements and to establish the optimum operating point of each
one.

A micro grid with solar source as the main generator. In the
case of energy deficit, battery or fuel cell may supply demand.
In the case of excess energy, batteries charge with constant
current to a maximum value, after which the energy will be
discarded by dumping load. The main objective is the study of
different control algorithms for power converters, in order to
ensure optimum operating point for generators.

Strategy to ensure the power balance. The main generators are
wind and solar sources. The excess energy is absorbed by the
electrolyzer while energy deficit is supplied by the fuel cell.
This work focuses on the design of control algorithms for power
converters, which allow interconnection of generators and
loads and operate all elements at optimum operating points.
The strategy presented is based on wind and demand forecast.
For a known forecast, a study is performed based on the stock
of energy stored in hydrogen tanks and batteries, determining
the maximum acceptable load, including prioritizing if it is not
possible to assure it. The operation of different elements is
based on different operating points of the battery SOC. The
optimal system response will depend on the accuracy of the
forecast.

The strategy is based on keeping the DC bus energy, in order to
ensure demand at all times. Wind generators and fuel cells are
presented as the main generators of the system. In case of
deficit/excess energy situations, the supercapacitor will supply
or absorb energy to ensure energy stability in the bus. To
calculate the reference power of the supercapacitor, the
problem is based on state variables models, which are
represented by the DC bus and supercapacitor energy. The
resolution of the different trajectories of the state variables will
be solved by a flatness based control.
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[11] PV, WT, FC, BAT,
BIOETHANOL REFORMER
Isolated application DC bus
Simulated

[12] PV, WT, FC, BAT
Isolated application DC bus
Simulation results

[29] PV, WT, FC, ELEC
Isolated application DC bus
Simulated

[46] PV, WT, FC, ELEC, BAT, UC
Isolated application DC bus
Simulated

[48] PV, FC, SC, BAT
Isolated application DC bus
Simulation results

[49] PV, BAT, FC
Isolated application DC bus
Simulation results

[31] PV, FC, SC, BAT
On-grid application DC bus
Empirical results

[55] PV, WT, FC, ELEC, BAT
Isolated application DC bus
Simulation results

Ensure
demand

Ensure
demand

Ensure
demand

Ensure
demand

Ensure
demand

Ensure
demand

Ensure

demand

Ensure
demand

Power balance, SOC

Power balance

Power balance

Power balance, SOC

Power balance, DC bus
voltage

Power balance, DC bus
voltage, Active and
reactive power

Battery voltage

Power balance, SOC,
stock H2
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The strategy presented tries to ensure the demand and to
maximize the use of hydrogen obtained from a bioethanol
reforming process. Wind and solar sources are the basic
generators of the system. The battery is presented as the main
backup element of the system, and hence the SOC is the most
important decision parameter. In the case of excess energy,
batteries assume the system load. In the opposite case, batteries
and fuel cells with the bioethanol reformer will provide the
necessary energy. This is an example of hydrogen resource use
for chemical industry application.

Simple strategy for an isolated application. The main
generators are determined by wind and solar sources. In the
case of excess energy, batteries will absorb it until their
maximum capacity and then it will be discarded. In the case of
energy deficit, batteries in the first instance and subsequently
fuel cells will supply the needed energy to keep the power
balance.

The management strategy used is simple, wind and solar are
presented as main generators of the system. In the case of
excess energy, it will be converted into hydrogen by
electrolysis. In the case of energy deficit, a fuel cell stack is used
according to the rated power of each one. This system provides
a security response to supply the load, ensuring demand in
situations of excessive deterioration of any fuel cell, as well as a
proportionate response to demand at all times.

In this application all the systems used in renewable energy
generation are presented. Solar and wind are used as the main
generators, while the other elements will be used to ensure the
power balance. The use of batteries and supercapacitors is
reduced to respond against transients, supporting the other
elements with slower dynamics. In the case of excess energy,
these fast response elements will absorb the energy until they
reach their maximum SOC, and then the electrolyzer will
absorb the excess energy. In the opposite situation, they are
discharged to the minimum SOC, and then the fuel cell will
supply the energy still necessary. The paper makes a study of
different control algorithms for power converters in order to
ensure optimum operating point for each element.

The bus voltage is the main decision parameter for energy
management. The batteries will determine bus voltage. The use
of supercapacitors and fuel cells is limited to situations of
temporary or peak demand and excessive energy deficits
respectively.

Micro grid in which the main generator is the solar source,
delegating fuel cells to supply energy in deficit situations and
batteries to absorb energy and respond against transients. The
main goal of this study is to control each element, so it focuses
on PWM techniques using fuzzy logic to maintain stable bus
voltage and supplying the active and reactive power demanded
by the load.

The strategy is based solely on observing the battery voltage
and compares it with certain preset limits. The battery voltage
will determine the energy situation, so this parameter is
presented as the main decision variable of the system. The
power balance is kept at all times with the main source (solar)
and battery. If the battery level reaches its minimum reference
voltage, the fuel cell is activated at its maximum operating
point. In case the battery reaches its maximum value,
supercapacitors and the grid will absorb the excess energy. The
objective of using the battery voltage as an element of study,
obviates SOC based methods, therefore current measurement
which can produce medium and long-term integration errors.
A strategy based on power balance, battery SOC and hydrogen
stock is presented to compute the operating points of the
different elements. The charge or discharge priority is given as
result of calculating the remaining energy storage, prioritizing
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[32] PV, FC, BAT Ensure
On-grid application DC bus  demand
Empirical results

[33] PV, FC, BAT Ensure
On-grid application DC bus  demand
Simulated and empirical
results

[61] PV, WT, FC, ELEC, BAT Ensure
Isolated application DC bus  demand
Simulated

[62] PV, WT, FC, ELEC, BAT Ensure
Isolated application DC bus demand
Empirical results

[63] PV, FC, ELEC Ensure
Isolated application DC bus  demand
Simulated

[64] PV, FC, BAT, ELEC Ensure
Isolated application DC bus demand

Simulation results

[65] PV, FC, BAT, WASTEWATER Ensure
Isolated application DC bus  demand,
Simulation results Sizing, Cost
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Power balance, SOC

Power balance, DC bus
voltage, cost function

Power balance

Power balance, stock H,

Power balance,
Weather & load forecast

Power balance, SOC,
stock H,
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hydrogen stock. In the case of excess energy, the energy will be
sent first to the electrolyzer, and then to battery. In the case of
energy deficit, stored resources will be evaluated again,
prioritizing hydrogen stock. In the case of equality of resources,
a proportional charge/discharge operation will take place. The
tool used in this case to determine the operating points of each
element would be the Model Predictive Control, and it is based
on a linear model of the system and hysteresis band for battery
SOC and hydrogen stock. The solution of the algorithm will
define the power reference of each element at all times.

This paper studies a power source application for a
telecommunications antenna; therefore, the system's target is to
supply the demand as long as possible. In this application, a
solar source is the main generator of the system. Batteries
respond in situations of excess or deficit of energy, in order to
ensure the power balance at all times. Finally, in case of low
battery SOC and energy deficit situations, fuel cells will supply
the demand.

This work aims to increase economic and technical
performance of the whole system. In this application, the solar
source is the main generator, while the battery and the fuel cell
are used as short and medium-long term storage elements
respectively. The performance of the battery and the fuel cell
depends on the SOC and hydrogen stock in the system. In this
case, the battery SOC is related to the bus voltage, so the
battery is the main element of the system. Finally, different
simulations are presented for different allowed battery depths
of discharge, and different fuel cell operating points. The
results are intended to find an optimal sizing rather than to
demonstrate the correct operation of the proposed strategy.
The proposed strategy aims to ensure demand. The main
energy sources will be represented by solar and wind
generators, and the power balance will determine the power
operation points of the other elements. Negative balances will
cause the operation of fuel cell; positive balance operation will
cause electrolyzer start condition. The battery function is
limited to respond against transients during switching of the
other components, so it does not require high capacity. In
situations of overproduction, energy will be discarded by
dumping load.

This paper presents a strategy that guarantees power balance
with fuel cell and electrolyzer in case the hydrogen stock
permits it. Solar and wind are the main generators of the
system, while the use of electrolyzer and fuel cell are
determined for excess and deficit energy situation respectively.
The batteries will only be used to respond to transients while
fuel cell or electrolyzer are under switching operation, ensuring
system stability. This is an empirical application, so a detailed
study of sensors and conditioning equipment is performed.
The strategy target is to ensure the power balance. It uses
predictive models for solar generation. The excess/deficit
energy will be absorbed/supplied by electrolyzer and fuel cell
respectively.

Domestic application in which solar power is entirely used for
the production of hydrogen by an electrolyzer. Batteries and
fuel cells supply demand according to the SOC of the first and
the level of hydrogen stored. Priority in discharge situation will
be given for that element which has a greater amount of stored
energy. The use of fuzzy logic will help the task of decision and
determination of the optimum levels of charge or discharge of
each element.

Specific application of a hybrid renewable system and
hydrogen recovery using wastewater plant. The management
strategy is very simple and is based on batteries SOC. In the
case of excess energy, batteries absorb the surplus energy. In
case batteries reach the minimum SOC; the fuel cell with the
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[66]

[94]

[671]

[97]

[68]

[69]

[34]

[70]

[71]

PV, WT, FC, ELEC
Isolated application DC bus
Simulation results

PV, WT, FC, ELEC

Isolated application DC & AC
bus

Simulation results

WT, FC, ELEC, SYNC
CAPACITOR

Isolated application DC bus
Simulation results

PV, WT, FC, ELEC,MHIDRO
Isolated application AC bus
Simulation results

PV, WT, FC
Isolated application DC bus
Simulation results

PV, WT, FC, ELEC
Isolated application DC bus
Simulation results

PV, WT, FC
On-grid application DC bus
Simulation results

PV, WT, FC, ELEC
Isolated application DC bus
Simulation results

PV, FC, ELEC, BAT
Isolated application DC bus
Simulation results

Ensure
demand,
sizing

Ensure
demand,
sizing

Ensure
demand

Ensure
demand,
sizing

Ensure
demand

Ensure
demand,
sizing

Ensure
demand

Ensure
demand,
sizing

Ensure
demand

Power balance

Power balance

Power balance

Power balance

Power balance, DC bus
voltage, Active and
reactive power

Power balance

Power balance

Power balance

Power balance, SOC
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hydrogen produced at the wastewater plant will maintain
energy demand. Finally, an analysis is performed to verify the
performance and safety of the system for the particular
application.

Work oriented to optimal sizing strategy. In this case, wind and
solar sources are main generators, while the fuel cell and
electrolyzer should respond for deficit or excess energy
respectively. To calculate the optimal sizing functions,
equipment costs, performance features as LPSP and physical
constraints associated with each element have been taken into
account. An algorithm based on swarm intelligence determines
the optimal configuration of each of the elements.

The proposed strategy ignores short-term storage elements, so
the management strategy is simpler. The main generators are
wind and solar sources, while electrolyzers and fuel cells will
absorb or supply energy depending on power balance. The aim
of this work is to find an optimal sizing strategy.

A very simple system in which wind turbines are the main
generators. The electrolyzer and fuel cell will respond to energy
excess/deficit respectively. In this application a synchronous
condenser is reserved for the use of reactive compensation.
The strategy used in this work is very simple and aims to ensure
the power balance. A Particle Swarm Optimization algorithm is
also presented for optimal sizing. The main sources of energy in
this application are wind, solar and micro hydro. The hydrogen
elements will ensure the power balance by consumption or
energy production when necessary.

In this application there is no short-term storage element, so the
excess energy is discarded. Primary sources are solar and wind
generators, delegating fuel cell response to energy deficit. The
work focuses on the system control in order to ensure constant
bus voltage, power factor correction and removal of any
harmonics. Techniques for PWM control using fuzzy logic are
studied.

An isolated application for a desalination plant is presented.
The primary energy is obtained with solar and wind sources. In
case of excess production, energy can be stored as hydrogen for
later use in a fuel cell. The aim of this paper is the correct sizing
of the system.

This work is focused on the study of the control of power
converters in the system. However, a management strategy is
also presented. The primary generators are wind and solar
sources, delegating the fuel cell the task of supplying energy in
situations of energy deficit. In cases of excess energy or
excessive deficit, the grid may act as a further element of the
system, in order to ensure the power balance at all times.
This work is focused on a sizing algorithm using three-
dimensional Pareto Optimal Solution, which will determine the
optimum solution for a multi-objective problem. In this case, a
management strategy for the system is also presented. In this
application, wind and solar sources represent the main
generators while the electrolyzer and fuel cells will absorb or
supply energy respectively to ensure the power balance at
every moment.

Authors present three different strategies for energy
management based on solar panels as the main generator in the
system, and battery SOC as the most important decision
parameter. The operations of the three strategies are very
similar: the battery state of charge determines the start and stop
conditions for the electrolyzer and the fuel cell. The differences
between strategies reside in the power operation point of each
element. In the first one, the power of each device will vary
adapted at all times to the system demand. In the second
strategy, the batteries will support fuel cells in case of low
hydrogen stock. Finally, in the third strategy, all the equipment
will operate at rated power; the battery will support the system:
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[41]
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PV, WT, FC, BAT
Isolated application DC bus
Experimental results

PV, FC, ELEC, UC
Isolated application DC bus
Simulation results

PV, WT, EC, ELEC, BAT
On-grid application DC bus
Simulation results

PV,WT,FC,ELEC,BAT,DIESEL
Isolated application DC bus

WT,PV,FC,ELEC
Isolated application DC bus

WT,FC,BAT,ELEC
On-grid application DC bus

PV,WT,FC,ELEC, DIESEL,
DUMPING LOAD
Isolated application DC bus

PV,ELEC,BAT,FC
Isolated application DC bus

PV,BAT,FC,ELEC
Isolated application DC bus
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absorbing by fuel cell the excess produced energy or supplying
the deficit energy for the rated operation of the electrolyzer. A
comparison of the three strategies is not presented because the
main goal of the system is the sizing and not the energy control.
Strategy applied to a domestic application. The battery SOC
will determine the start and stop conditions for the fuel cell. For
other situations, the battery maintains the power balance. As a
special feature, the use of a small starter battery in parallel with
the fuel cell will absorb transients and avoid dynamic start/stop
cycles.

This paper proposes a simple strategy that uses short-term
storage based on supercapacitors to solve problems of stability
and transients. In the present application, a solar source is the
main generator. The fuel cells are used as the main element to
supply energy in case of deficit. In the case of excess energy,
supercapacitors and then electrolyzers will absorb it. The
remaining energy will be discarded through a dumping charge.
The strategy is based on determining the amount of energy
stored/generated by the energy storage equipment, in order to
ensure the power balance among the main generators (wind
and solar) and demand. To determine these variables, authors
use a model based on adaptive neuro-fuzzy inference system
(ANFIS) control, whose input variable values are the hydrogen
stock, battery SOC and the net power at every moment. The
result of the ANFIS method determines the optimum power
reference for the battery. Depending on the sign of the power
balance, the power reference of electrolyzer and fuel cell will
be calculated according to the difference between net and
battery power. A final study compares the results of the
proposed strategy with another strategy based on state
diagrams control, providing greater energy production and
better efficiency.

Simple strategy. Solar Panels and Wind Turbines are the
primary generators. The batteries will absorb or supply energy
in short term. In the long term, fuel cell and electrolyzer will
supply/absorb energy respectively. The use of Diesel generator
is relegated to high deficit of energy.

This paper shows an application for water pumping. Solar
panels and Wind Turbines will supply energy as much as
possible, and the excess of energy will be used to produce
Hydrogen or store water. In case of deficit of energy, the fuel
cell will supply the demand. Finally, if necessary, the storage
water can be used to supply the demand. A water limitation
will occur when there is not enough energy to maintain the
water flow rate.

In this paper, a simple on-grid application is presented. The
battery is the main element of the system, absorbing or
supplying energy during transients. Fuel cell and electrolyzer
will operate to absorb or supply energy excess/deficit
respectively. The use of grid is relegated to maintain the power
balance when the hydrogen based system is not capable of it.
Solar panels and Wind turbines will supply energy depending
on weather conditions. Fuel cell and electrolyzer will supply or
absorb energy during deficit/excess situations respectively. In
case of high hydrogen storage, the excess energy will be
discarded by dumping load. In case of low hydrogen stock, a
diesel generator will ensure power balance.

Solar panel is the main generator of the system. Battery will
absorb or supply energy in first instance, until it reaches its
operation limits. Fuel cell will supply energy in case of energy
deficit. On the other hand, electrolyzer will absorb the excess of
energy. The authors use two battery banks which will alternate
their operation in order to reduce cycled degradation.

The paper presents a comparative between diesel and
renewable solutions for a radio station application. The solar
panels will supply energy as much as possible. The battery is
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the main element of the system, absorbing or supplying energy
while it operates between predefined SOC limits. The use of
fuel cell and electrolyzer is indicated when batteries are not
capable of ensuring demand or power balance.

Appendix C

Ref.

Elements of the
hybrid system /
Application

Optimization objectives

Design constraints

Outcome

Strategies whose objectives include technical decision factor

[19]

[30]

[74]

[36]

[47]

PV, WT, FC, ELEC
On-grid application
DC bus

Simulated

Ensure demand, increase
equipment lifetime

PV, WT, CHP, EC,
ELEC, BAT

On-grid application
DC bus

Simulated and
empirical results

Ensure demand, improve
performance

PV, WT, FC, BAT
Isolated application
DC bus

Simulation results

fuel cell efficiency

PV, WT, EC, SC
On-grid application
DC bus
Experimental

Ensure demand, Stability

PV, WT, FC, ELEC, Ensure demand, increase
BAT performance

Isolated application

DC bus

Simulation results

Power balance

Power balance, SOC
SOC (H2)

Ensure demand, power quality, Power balance,
Active and Reactive

power

Power balance, SC
energy function

The strategy uses a predictive control to minimize the
degradation processes of the electrolyzer and fuel cell due to
dynamic start/stop cycles. The main generators are wind and
solar sources and the electrolyzer and fuel cell will ensure
power balance in situations of excess/deficit energy
respectively. In case of high or low production, the grid can
act as a generator or load to support the system at all times
assuring certain operating conditions such as minimum input
power for the electrolyzer.

, Authors present a grid-connected system for a domestic
application. The proposed strategy depends on the battery
SOC and hydrogen stock available, therefore the use of each
element will depend on them. The battery is presented as the
most important element, supplying or absorbing energy
under certain operating limits given for charge conditions.
The maximum and minimum SOC will determine the start/
stop conditions of the other components (electrolyzer and
fuel cell). The use of minimum power conditions for the
ignition of the electrolyzer and maximum depths of
discharge for batteries are included in the energy
management, in order to reduce degradation and increase
the performance of elements. Finally, in case of high deficit/
excess of energy, the grid can act as generator or load,
increasing system security.

The goals of this work are to operate the fuel cell stack at its
maximum efficiency operation point, while controlling the
power factor. Although the work is mainly focused on control
algorithms for power converters, an energy management
strategy is proposed. This strategy is based on the use of solar
and wind sources as main generators, while the fuel cell will
operate against any energy deficit. The use of battery will be
limited to absorb energy transients, excess energy and keep
the fuel cell on its maximum efficiency power point,
absorbing or giving power when necessary.

Authors develop a control law and a nonlinear problem
which aims to ensure the power balance. In this application,
the wind and solar sources are the main generators of the
system. To determine the contribution of the other elements,
the power reference values depend on the sign of the power
balance and the amount of available energy inside the
storage systems. The response of the nonlinear optimization
problem will be based on differential flatness-based control.

Power balance, SOC In this paper, three strategies whose core decision is the
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batteries SOC are presented. The solar and wind sources are
the main generators. The maximum and minimum values of
the battery SOC will determine the start and stop conditions
for the electrolyzer and fuel cell. The difference between the
three strategies is given by the use of batteries for excess
energy. In the first one, the electrolyzer will start if it reaches
a minimum operating power, while batteries will assume the
excess energy. In the second strategy, the batteries will
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[50]

[51]

[52]

[53]

[54]

PV, FC, BAT, ELEC  Ensure demand, improve
Isolated application performance, Battery
DC bus management

Simulated

PV, WT, FC, ELEC, Ensure demand, increase
BAT equipment lifetime
Isolated application

DC bus

Simulation results

PV, WT, FC, BAT
Isolated application
DC bus

Simulation results

Ensure demand, improve
lifetime

PV, WT, EC, ELEC,
BAT, DIESEL
Isolated application
DC bus

Simulation results

Ensure demand, improve
lifetime

PV, FC, ELEC, BAT
Isolated application
DC bus

Simulation results

Ensure demand, increase
equipment lifetime

Power balance, SOC,
stock H,

Power balance, SOC

Power balance,
Weather forecast,
SOC

Power balance, SOC

Power balance, SOC
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support the electrolyzer to achieve a minimum power value.
In the third and final strategy, the batteries will be
disconnected to avoid overcharging them. Finally, authors
present two sensitivity analyses based on the minimum
battery SOC, and the use of a fixed and variable operating
power for the fuel cell. Results determine that reducing the
minimum SOC would increase the use of batteries and
decrease the use of fuel cells. In case of a variable operating
point of the fuel cell, the hydrogen consumption will be
lower, adjusting it at all times to the required demand.

The target of the proposed management strategy is to keep
power balance all times. The use of solar energy is
considered to be the main generator of the system. Batteries
assume the main role of the system, responding against
situations of excess/deficit energy. Its SOC will determine the
start/stop conditions for the electrolyzer and fuel cell. Two
different controls for battery operation are studied
depending on their SOC. First, the current control is used for
fast charging in low SOC and the voltage control to protect
the batteries at high charging conditions. When there is high
excess energy, the solar generation will be limited and it will
be used for hydrogen generation in order to absorb excess
energy. The fuel cell will be used to supply demand and
neutralize the power balance.

In this paper, the proposed strategy is based on hysteresis
band operation determined for battery SOC. Hysteresis limits
will determine the start/stop conditions for the electrolyzer
and fuel cell. The aim of this work is to increase the useful
lifetime of elements by reducing the degradation associated
with dynamic operation. Additionally, the effect of using a
minimum power for the electrolyzer to ensure optimum
performance is studied. In order to reach the last target, two
simulations of two different strategies are presented; the first
one prevents electrolyzer operation while the excess energy
is lower than the minimum power point, and the second one
uses batteries to reach it. The result shows increased
hydrogen production in the second strategy; increasing the
overall system performance, with greater use of batteries.
Finally, a parametric analysis based on the hysteresis
bandwidth determines how it affects the battery lifetime as
well as the use of other elements inside the system.
Authors propose a strategy based on demand and production
forecast in less than a two minute range. With the result of
the forecast and the current state of the system, it will
determine the actions required, allowing the charge/
discharge of the batteries, or the start/stop conditions of the
fuel cell and the reference power for each element. The use of
this strategy will determine the efficiency of the fuel cell
operation, and avoid unnecessary start/stop cycles thus
reducing the degradation.

In this paper the authors propose a study of a strategy based
on hysteresis operation depending on maximum and
minimum battery SOC. These levels determine the start and
stop conditions of the fuel cell and electrolyzer. The use of
hysteresis with minimum power conditions for the
electrolyzer, tries to reduce degradation of the elements, and
thus increases system lifetime. The use of diesel equipment
will only operate in situations of high-energy deficit.

The work presents a solution for degradation problems
studied for fuel cells and electrolyzers. It implements a
strategy based on hysteresis band operation for battery SOC.
This strategy will determine the start/stop conditions of the
electrolyzer and fuel cell. The strategy is based on the use of
solar resources as the primary generator and a battery as a
last resort. The excess/deficit energy is absorbed primarily
by the battery if the SOC is within its operating limits, and



F.J. Vivas et al

[56]

[57]

[58]

[60]

[75]

PV, FC, ELEC, BAT Ensure demand, increase
Isolated application equipment lifetime

DC bus

Simulation results
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DC bus

Simulation results
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equipment lifetime, sizing

PV, WT, FC, ELEC, Ensure demand, increase
BAT equipment lifetime, sizing
Isolated application

DC bus

Simulation results

WT, FC, ELEC, SC  Ensure demand, improve
Isolated application lifetime

DC bus

Simulation results

PV, WT, FC, ELEC, Ensure demand, maximize
BAT Hydrogen production
Isolated application

DC bus

Simulated

Power balance, SOC

Power balance, SOC

Power balance, SOC

Power balance

Power balance, SOC
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then by the electrolyzer or fuel cell, depending on the energy
situation. Besides the above, the fuel cell will operate in a
fixed mode to avoid power transients operation and
associated problems. Finally, the use of the electrolyzer in
fixed or variable power mode is realized, determining that
the variable operation mode is more efficient. This strategy
shows many possible solutions to increase the lifetime of
equipment, and thereby reduce costs and avoid malfunctions
associated with incorrect operation of the system.

In this paper, a proposed management strategy based on
hysteresis operation depending on battery SOC is presented.
This parameter will define the start/stop conditions of the
electrolyzer and fuel cell. The target of the strategy is to
reduce the size of the batteries and avoid extra degradation
due to overuse. To achieve this, authors resolve to establish a
battery range in which the system will operate in normal
situations. In the case of high battery charge or discharge
situations, the electrolyzer and fuel cell will be used at full
power to bring the battery to the safe hysteresis band. In any
situation, batteries will perform in the first instance to absorb
or transfer the necessary energy to ensure the power balance.
If that is not enough, the electrolyzer and fuel cell energy will
support according to need.

In this paper, the strategy is based on the hysteresis band of
battery SOC, which determines the start/stop conditions of
the electrolyzer and fuel cell. The purpose of hysteresis is
therefore to reduce the number of power cycles, avoiding the
degradation associated with them. Besides operation with
hysteresis, minimum power values for the electrolyzer and
fuel cell are used in order to assure the optimal performance.
If the minimum power of the electrolyzer is not reached,
batteries will supply the remaining power. If the power
operation of the fuel cells exceeds the energy deficit,
batteries will absorb the excess energy. In extreme cases, the
use of diesel equipment can supply the energy deficit
necessary to ensure the power balance. Finally, a study of
sizing based on a multi-objective problem is presented.
Authors present a simulation tool to study different scenarios
in which solar and wind are the main generators. The
simulator has a strategy based on the hysteresis band of the
battery SOC. The maximum and minimum SOC will
determine the start and stop conditions for the electrolyzer
and fuel cell. There is no requirement to determine the
operating point of the elements inside the system, so the
energy excess or deficit will be absorbed or supplied by the
battery, electrolyzer or fuel cell just based on power balance.
Finally, a genetic algorithm is used to solve the multi-
objective sizing problem which takes into account the costs
and lifetime of each element.

The work proposes a strategy that takes into account the
deterioration of fuel cells due to the influence of high
frequency switching. The proposed strategy is simple; wind is
the main generator and uses supercapacitors to support the
system during transients or load changes. The use of the
electrolyzer and fuel cell are only justified to absorb or
supply energy when supercapacitors are at their maximum or
minimum charge respectively. The use of different low pass
filters will help to reduce the problems associated with the
switching of power converters over the fuel cell.

This study is based on three different strategies that differ in
the method of using the excess energy. All the proposed
strategies share the use of solar and wind sources as main
generators and the rest of equipment as energy storage
elements. The start/stop condition of the fuel cell and
electrolyzer depends on the battery SOC. In the first strategy,
the battery assists in the production of hydrogen with the
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main generators. The target of this strategy is to maximize
the hydrogen production. In the second strategy, the
electrolyzer will not be used, and therefore the battery will
assume the full energy excess in order to increase the
temporal response of the battery. Finally, the third strategy
has a compromise between maximizing the production of
hydrogen and maintaining an optimal battery SOC. The
battery and electrolyzer will absorb the energy excess, while
the deficit will be provided by battery and fuel cell, without
specifying any priority.

This strategy aims to ensure the demand and increase the
lifetime of the elements. In order to get it, authors present an
analysis between two alternative strategies, depending on
the priority of charge/discharge energy. In the present
application, the main generators are wind and solar sources.
The remaining elements form part of the energy storage
system. The decision variables of the system will be the
battery SOC and the hydrogen stock. The priority to charge
or discharge energy is based on the stored energy inside the
different elements. In case of equal resources, the element
with the lowest deterioration accumulated by its operation
will be responsible for guaranteeing the power balance.
The strategy has the target to ensure demand, increase
hydrogen production, and minimize the use of batteries. To
get it, batteries will operate in a narrow range of SOC,
limiting their use to respond only against transients or short-
term demands. In order to maximize the production of
hydrogen, the electrolyzer will absorb the excess energy
more often than batteries, while fuel cells will supply the
energy deficit. Authors use a system based on fuzzy logic to
decide which part of energy excess or deficit will be
supplied/absorbed by the batteries, the electrolyzer or the
fuel cell.

The implemented strategy has the target of guaranteeing the
demand and increasing equipment lifetime, reducing
transients and start/stop cycles for the electrolyzer and fuel
cell. To solve the above problems, the electrolyzer will
operate at different steps of continuous power, with a
minimum starting power in order to avoid transients and
associated deterioration. Fuel cells only come into operation
when the supercapacitors SOC is lower than a defined set
level. Finally, any short-term disruption will be absorbed by
the supercapacitors, whose SOC should remain within safe
operating ranges. The operation point of each device may be
obtained at any time through the power balance equations.
An active strategy based on demand and production forecasts
is presented. The use of forecast and the current battery SOC
will determine a multi-objective function, designed to
maximize hydrogen production and reduce start/stop cycles
of the electrolyzer and fuel cell. The response to the
algorithm will determine which element will absorb or
supply energy at its rated power. Finally, to solve the
nonlinear problem, the use of algorithms based on dynamic
real-time optimization is performed.

In this paper, fuzzy logic is used to implement a management
strategy that will avoid unnecessary start/stop cycles, with
the consequent degradation reduction. The decision
parameters of this strategy will be the battery SOC and
generation/demand forecast, which will determine the start
or stop conditions of the electrolyzer and fuel cell. The use of
fuzzy logic allows application of an algorithm which
determines the operation point of the different elements,
based on the previous parameters.

In this strategy, the solar source is the main generator of the
system. The battery SOC and hydrogen stock represent the
main decision parameters of the system, as well as the result
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of generation and demand forecasts. In the first instance, the
battery will operate between preset maximum and minimum
values, which determine the start and stop conditions of the
electrolyzer and fuel cell. In order to increase the lifetime,
reducing degradation of hydrogen elements, three different
energy management strategies will be considered. The first
one is based on ensuring minimum operating power to the
electrolyzer with the discharge of battery if necessary. The
second one refers to the operating point of the fuel cells. In
order to operate the fuel cell in the maximum efficiency
range, minimum and maximum power will be determined in
order to get it. Finally, the third one is used to reduce the
number of start/stop cycles of the elements and is based on
the use of equipment in standby mode if the forecasting
determines an imminent use of them.

[81] PV, WT, FC, ELEC, Ensure demand, battery Power balance, SOC, For this strategy, an artificial neural network controller is
BAT lifetime stock H, used in order to supply demand and preserve the battery SOC
Isolated application within preset limits. The main generators are represented by
DC bus wind and solar sources, while the other elements are used for
Simulation results energy storage. In normal operation, the battery usages will

respond against transient situations and start/stop cycles of
the other elements. The strategy tries to maintain a battery
SOC around 70%, so in the case of excess/deficit energy
situations, the electrolyzer and fuel cell must respond to get
it. Finally, the use of the algorithm is justified to determine
the operating point of each element when excess/deficit
energy situations occur while the battery is discharged or
hydrogen stock is too low respectively.

Appendix D

Ref. Elements of the Optimization Design constraints Outcome
hybrid system / objectives

Application

Strategies whose objectives include economic decision factor

[3]

[28]
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DC bus
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The presented strategy attempts to ensure power balance at all
times, by operating the system at the operation point that
ensures the lowest value of the system-grid cost function. The
technique uses an algorithm based on Model Predictive Control
and a demand and generation forecast. This algorithm
determines the operation points of the battery, fuel cell, and
electrolyzer. During system operation, the purchase/sales price
of grid energy is calculated at every moment, so the grid is an
important element to consider for energy management.

This paper aims to ensure proper power supply to the load,
optimizing operating costs. Authors present a cost function
associated with the use of energy storage devices, such as
batteries, electrolyzers, fuel cells or diesel generators. The use of
physical constraints, current system status, and expected lifetime
would determine a nonlinear optimization problem, which
would be solved by genetic algorithms. The result determines at
each time the cost of each element and the optimum operating
point. The option to charge or discharge the system will be based
on the element that keeps the lowest operation cost, within the
range of optimal power for each one.

Authors present a strategy that aims to reduce costs, emissions,
and ensure the power balance. The authors present some
expressions which model each target depending on various
parameters such as LPSP, CO, emissions, battery SOC, cost
function... etc. Fuzzy logic and a differential evolution algorithm
are used to solve the multi-objective problem. The result of this
algorithm is the reference power for each of the elements in the
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different energy situations, giving priority to the use of batteries
and renewable energy generators before diesel operation. In
general, this is a sizing algorithm.

The aim of this study is to compare the proposed strategy
regarding other strategies based on the battery SOC as the most
important decision parameter. The presented strategy in the first
instance is based on the generation and demand forecast, which
is the input parameter to the decision algorithm. Considering the
outcome of the previous forecast, the current state of the system
(battery SOC and hydrogen stock) and the degradation,
operation, maintenance and replacement costs, it will determine
the reference power of each element. The operation will take
place at each iteration by a linear simplified system model, in
order to avoid heavy algorithms. The result of the comparison
between strategies is the improvement in cost reduction,
compared to traditional strategies, but the need for very accurate
models and high processing capacity of the control system.
The management strategy is based on hydrogen stock and
batteries SOC. Depending on the previous decision parameters, it
will determine the batteries charge/discharge and the start/stop
conditions of the electrolyzer and fuel cell, prioritizing the
element with higher energy stored. In case both parameters are
equal, an economic decision factor represented by a cost
function, determines the element with the lowest cost to charge
or discharge inside the system.

This work is based on a particular application of the chemical
production of chlorine. In the chemical process to obtain the
product, hydrogen gas is generated, which can be stored for
future use and conversion into electrical energy. The strategy is
based on calculating the operation points of the fuel cell and the
chlorine production system, with the target of minimizing
operation costs, taking into account the benefits of injecting or
buying power from the grid. A receding horizon optimization
algorithm is used to solve the optimization problem.

The presented work studies the combination of wind power and
a fuel cell to produce electricity and heat in a domestic
application. Some expressions are presented to estimate the
operation and maintenance costs of the use of the fuel cell or the
grid. A genetic algorithm in any case allows calculating the
cheaper option and determining the reference power of each
element to support wind generation.

An application for a specific production model is presented. In
this case, the main power generation is given by the wind source.
In case of excess of energy, the system proposes two options. The
first one proposes the conversion to hydrogen through
electrolysis process; the second one uses a pumping station for
water storage at high altitude. In the case of energy deficit
situations, the required energy can be obtained through the
production of electricity using fuel cells, or by generating
electricity in a hydraulic plant. The most economically viable
option will act at all times. The target strategy therefore is to
maximize the wind resource, allowing the energy storage and
subsequent use in the most economical way possible.

The target of this work is the optimal energy management from
the economic point of view for a residential application. In order
to get it, a cost function associated with energy production of
each element is presented. The use of different physical
constraints together with the previous cost functions will
identify a nonlinear optimization problem. The problem will be
solved with the use of gravitational search algorithms. The result
is the reference power of each element, which assures the lowest
production costs for system operation.

In this paper, a multi-objective function is presented to calculate
the reference power of each element inside the system, knowing
the costs associated with each item and demand forecasts for the
next 24 h. The problem will be solved by an adaptive particle
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modified swarm optimization algorithm, which determines the
energy delivered by each element according to the obtained
estimator.

[40] PV, FC, ELEC Ensure demand, Power balance, weather In this paper a grid-connected system is studied in which solar
On-grid application  cost reduction  prediction, cost function energy is presented as the main generator. Authors present a
DC bus function to model the operating costs of each element and power
Simulation results sale/purchase cost from the grid. The demand and solar
generation forecast and the cost function, represent the input
variables of an optimization algorithm, whose response will be
calculated by adaptive model predictive control. The result of
the optimization algorithm determines the elements’ operating
points for the most economical option, maintaining a minimum
level of hydrogen in the energy storage system.
[42] PV,WT,BAT,ELEC,FC Ensure demand, Power balance, SOC, In this paper, a cost function is used to determine the power
On-grid application  cost reduction weather prediction, cost reference of grid, fuel cell and electrolyzer in order to minimize
DC bus function overall electricity cost. Battery SOC, power balance and a
Simulation results weather and demand forecast are used as input parameters of the
optimization algorithm. The battery is used to absorb the
transients during the generation and demand. The grid is
another active element of the system.
[43] WT,PV,FC,ELEC Ensure demand, Power balance, H stock, cost A multi-objective function is developed to minimize the
On-grid application  cost reduction function operation and maintenance cost of the system. The result of the
DC bus optimization algorithm is the power reference of the grid, fuel
cell and electrolyzer. The fuel cell will supply energy in case of
energy deficit, while the electrolyzer will absorb energy during
energy excess situations. The grid will operate as another active
element inside the hybrid system.
Appendix E
Ref. Elements of the Optimization objectives ~ Design constraints Outcome

hybrid system /
Application

Strategies whose objectives include technical and economic decision factor

[59]

[86]

[87]

PV, WT, FC, ELEC, Ensure demand, cost

Power balance, SOC, stock The presented strategy is based on hydrogen stock and

BAT reduction, Increase Lifetime H2, cost and life function battery SOC. The main generators of the system are wind

Isolated application
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Simulation results
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DC bus
Simulation results

PV, WT, FC, ELEC, Ensure demand, improve

BAT, DIESEL lifetime, cost reduction

Isolated application
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Power balance, SOC

and solar sources, while the other devices are part of the
energy storage system. The charge or discharge of any
element inside the system will depend on which element
has the highest or lowest amount of energy stored
respectively. In the case of equality of resources, a
technical-economic factor will decide which element will
supply or absorb the necessary energy to guarantee the
power balance. This factor will be represented by a cost
function, which integrates the cost associated with the
degradation accumulated by the operating time.

Power balance, SOC, H,  In this paper, two targets are studied: reducing costs and

increasing elements lifetimes at the same time. In the
application, wind and solar sources are the main
generators. To calculate the priority of each element, a
multipurpose optimization problem is studied. Fuzzy
logic will be used to calculate which element will be
responsible for absorbing or supplying energy and its
power reference. The inputs of the algorithm are
represented by some cost expressions associated with
each element, as well as estimation of the remaining
lifetime and the current state of the energy of storage
equipment.

Authors present three different strategies for different
purposes in order to demonstrate the correct operation of
the particle swarm optimization algorithm for solving
nonlinear optimization problems. The response of the
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Simulation results

Ensure demand, improve

BAT lifetime, cost reduction, stock
On-grid application improve performance
DC bus

Simulation results

Power balance, SOC, H,
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algorithm for different configurations is the reference
power of the different elements, depending on the
different targets: minimizing costs, increasing efficiency
and equipment lifetime. Really, there is no priority in the
use of the different elements, so this priority will be
determined by the result of each algorithm calculation
for each application.

A multi-objective function based on degradation,
performance and cost parameters is optimized in order to
guarantee the optimal system response. The power
reference of the fuel cell and electrolyzer will be defined
by the optimization solution. Batteries are the core of the
hybrid system and they will absorb or supply energy
while they operate between prefixed states of charge
limits. The fuel cell and electrolyzer will operate under
high energy deficit or energy excess situations according
to their optimal operation point. The grid will operate as
a demand or generator depending on the sign of the
power balance.

[93] PV,WT,FC,ELEC,BAT Ensure demand, improve Power balance, SOC, H,  This paper presents a multi-objective degradation-cost
Isolated application lifetime, cost reduction, stock, cost function, function which is minimized with an optimization
DC bus improve performance degradation function algorithm. The result of the optimization is the power
reference of the fuel cell, battery, and electrolyzer
depending on state of charge of the battery and hydrogen
stock. The hysteresis operation mode fixes the start/stop
conditions of the electrolyzer and fuel cell.

[45] PV,WT,FC,ELEC,BAT Ensure demand, improve Power balance, SOC, H,  In this work, authors studied the behavior of a hybrid

On-grid application lifetime, cost reduction, stock, cost function, system based on different strategies which integrate

DC bus improve performance performance function hysteresis operation mode. These strategies define

Experimental different operation points for the fuel cell, electrolyzer,
and battery, in order to show the response of the system
under different goals, maximizing hydrogen production,
increasing system performance, and the cases of rated
operation mode for the three previous elements. The
results of different strategies are compared based on
technical and economic parameters to get the optimal
solution. Advantages and disadvantages of the different
configurations are also studied.
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This paper presents a new simulator for Hydrogen hybridization with Renewable Energy
based Systems. The aim of this simulator is to provide a new solution for testing different
energy management strategies of hydrogen hybridization based on renewable systems, in
order to optimize them for implementation. The simulator uses the open architecture
philosophy and has been developed in MATLAB*-SIMULINK environment. Its main feature
is calculating technical and economical parameters for a deepened analysis of influences
on energy management strategies. It considers each element of the hybrid system and the
whole system function. A simulation case shows the proper functioning of the simulator.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

More and more companies and governments are committed
to a change in energy policies, always oriented towards more
energy efficient actions and more renewable energy use.
Currently, there are many research groups encouraging and
working on a change in the recent energy model, trying to
integrate the use of renewable energy sources in our lives.
Thus renewable energy technologies cause high costs and
a high dependence on climatic factors [1-3], the use of hybrid
power systemsis presented as anideal solution to fill the gaps
in the energy supply that the different renewable energy
sources may provoke. Due to the fact that some of renewable

* Corresponding author.
http://dx.doi.org/10.1016/j.ijhydene.2017.02.139

energy sources are still not entirely developed, the costs for
their utilization and lifetime depend largely on the used
technology and the operating system. As a result, perfor-
mance improvements in terms of life and cost reduction of
this new energy generation technology, will allow better
integration and acceptance in future applications [4,5].

To operate and interconnect different elements of a hybrid
generation system, ensuring safe operation and fulfilling the
objectives, it is necessary to sufficiently control the system to
manage the energy supply by each source. A proper energy
management strategy guarantees the load supply, increases
the lifetime of each system element, reduces operating costs,
and therefore maximizes system performance, providing a
technical and economical feasible solution [6—8]. There are

0360-3199/© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

PV Photovoltaic source

WT Wind Turbine

ELEG Electrolyzer

FC Fuel Cell

MH Metal Hydride tank

BAT  Battery

DOD Depth Of Discharge

SoC State Of Charge

Ecrip v Input energy from grid

Ecrip our Output energy to grid

Egar Battery energy supplied

Epc Fuel cell generation

Epiec Electrolyzer consumption
Eioap  Load consumption

Losscua Battery charging losses

Lossgc  Fuel cell average losses per cell
FCcycie Fuel cell start/stop cycles
FCrpye  Fuel cell operation time
ELECcycre Electrolyzer start/stop cycles
ELEC;pe Electrolyzer operation time
BAYcvcie Battery operation cycles
ELECy, Produced hydrogen

CO&M Operation and maintenance cost

many research works which propose different configurations
of hybrid power systems based on renewable energy sources.
These configurations have different energy management
strategies, most of them focused on guaranteeing the demand
[1-3,9,56], and are regardless of technical and economic
optimization criteria, or problems associated with real
equipment such as transients, stability, security, equipment
degradation, hydrogen management, etc.

For all these reasons, the use of software tools is necessary.
These tools allow us to perform simulations and previous
analysis to enable an implementation, taking into account
different management strategies, including genuine parame-
ters for sensitivity analysis.

Recently, there exist plenty of simulators on the market
(AEOLIUS, BALOMOREL, COMPOSE, E4CAST, EMCAS, EMINENT,
EMPS, ENERGYPLAN, ENERGY PRO, GTMAX, INFORSE, INVERT,
LEAP, MESAP, NEMOS, ORCED, PERSEUS, PRIMES, PRODRISK,
RAMSES, SIVAEL, STREAM, UNISYD3.0, WASP or WILMAR),
which are used to model different power generation systems
and loads.

Most of these simulators allow the modeling of power
generation systems connected to a grid, or a system integrated
into microgrids, giving an optimal solution for economic and
power management in the middle and long-term [10-13]. A
reduced number of simulators include the ability to combine
renewable energy generation equipment and their auxiliary
systems. Additionally they permit the use of hydrogen as
energy vector in all its phases: hydrogen production, storage
and consumption (HOMER, RETSCREEN, HYBRID DESIGNER,
HYBRID2, iHOGA, MATLAB or TRNSYS16) [10-13,47].

The above list of recent software tools can be basically
divided into four categories according to their purpose [14,47].

Tools of the first tool category can be called pre-feasibility
tools, which are tools for preliminary estimation, in order to
study the feasibility of a project [14]. To this category belong
tools like RETSCREEN or EXCELL (Really: Excel is a specialized
spreadsheet that can be used for almost any application).

The second tool category refers to sizing. These tools' pur-
pose is to generate a technical and economic long term study
in order to obtain an optimum sizing [10,11,14]. These tools are
very useful for economic viability studies, but they lack the
possibility of studies of different energy management strate-
gies, due to their closed software with little or no flexibility, as
well as their use of very high integration periods. The most
common ones to distinguish are the tools HYBRID DESIGNER
and HOMER.

The third tool category includes simulation, that is intended
to reproduce the behavior of a system based on fixed sizing
and fixed operation parameters [10,11,14]. The main problem
with this type of software tools is the low flexibility to modify
simulation parameters, in order to carry out a study of
different management strategies. Prominent examples of this
type of software are HYBRID2 and iHOGA.

The fourth and last tool category unites open architecture
software which offers better flexibility and is more suitable for
analytical studies varying in the energy management strategy
[14]. The main problem of this type of software is the high
need of programming environment knowledge. TRNSYS16
and MATLAB are the most known software tools for this kind
of applications.

Table 1 shows the principal drawbacks associated with the
most used software tools.

Following the analysis of Table 1, we can deduce that
simulation software tools with open architecture software
would be the most useful for the study of different energy
management strategies. Additionally, the fourth category of
tools compiles software tools that could provide a solution
capable of combining all the possibilities of analysis. There-
fore, the developed simulator presented in this paper hasbeen
designed, according to the common characteristics of this
category.

Regarding the software tools included in the last category,
the main advantages of MATLAB over TRNSYS16 are its
greater computational power and widely establishment [14].
In addition, MATLAB has the ability to be integrated into
acquisition systems. This way it is possible to implement all
the previously developed control logic into genuine future
systems. However, MATLAB requires higher processing times
(about 4 times) compared to other software tools based on
different programming languages such as C, Fortran, Java,
Julia or Phyton [53]. For this reason, a proper programming is
necessary, to simplify the simulation tool and perform tests,
resulting in more reasonable processing times.

In basis on all exposed above, this paper presents a simu-
lator based on MATLAB-Simulink environment. The simulator
allows modeling isolated or grid connected hybrid power
systems. These systems allow the integration of hydrogen
technology and renewable energy sources from different na-
ture and energy storage systems. Additionally, the presented
simulator offers the possibility of testing different energy
management strategies, running simulations in the short-
term time scale and improving sensitivity analysis attending
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Table 1 — Simulators classification.

Software category Software tool Drawback
Pre-feasibility RETSCREEN Only for basic feasibility studies
EXCELL
Sizing tool HOMER Doesn't consider variations in bus voltage
DOD is not considered, only in sensitive analysis
Low and closed energy dispatching options
Only minimize net present cost
HYBRID DESIGNED Focused on isolated applications
Doesn't consider technical optimization
Simulation tool HYBRID2 High learning time requirements
Low and closed energy dispatching options
iHOGA Fixed optimization algorithm (GA)
Difficult to extrapolate optimization algorithm to real implementation
Complex models for elements
Open architecture software TRNSYS16 Fortran knowledge is required
For H, storage analysis, it needs HYDROGEMS tool
MATLAB C programming skills are required

Structure programming notions are required

to cost and lifetime of the devices which integrate the hybrid
power system. These features give benefit to the developed
simulator, overtaking the main shortcomings that the authors
have found in other software tools available in the scientific
literature or in the market. All the developed functions are
accessible and therefore adapting to user requirements.

In the next section, a detailed description of the proposed
simulator is done. Section “Energy management study” pre-
sents the developed energy management strategy by authors
and used in the simulator. In Section “technical and economic
parameters” the technical and economical parameters
considered by the simulator and needed for sensitive analysis
are presented. In order to show the proper functioning of the
simulator as well as its particular features, a simulation case
of a practical system is carried out in Section “Simulation
case”. Finally, Conclusions and future works close the paper.

Simulator: architecture and interface description

The simulator proposed in this work has been developed
under MATLAB-Simulink environment. It is a powerful tool,
user friendly and very intuitive. It can be used already with
very little training.

Regarding the software implementation, the simulator has
been developed maintaining a modular structure in order to
guarantee the highest level of scalability and flexibility.

The simulator provides default configuration and can be
adapted to the user needs, allowing to update input data
related to weather, load profile, base time, model used for
each element as well as its size. The guiding thread the au-
thors have followed in their development has been the pos-
sibility to perform realistic energy simulations of Hydrogen
Hybridization with Renewable Energy Sources-based Systems
(H2RES2). A general view of the simulator is shown in Fig. 1.

H2RES2 simulator architecture

The default hybrid system architecture (see in Fig. 2a a sche-
matic representation) consists of two different sources of

renewable energy as the primary energy source: photovoltaic
panels and wind turbines. It is assuming a common hybrid
power system supply of electric power to an electrical
network. In case of isolated applications, the grid energy
will define the energy deficit of the proposed energy man-
agement strategy and system sizing. This parameter indicates
the difference between the generated and the consumed en-
ergy, providing the user a way to test the viability of his
configuration.

In the hybrid system has to include different energy backup
elements to ensure the load demand and grid stability in sit-
uations of energy deficit. In this case, a battery bank is used as
the primary short- and middle-term energy backup. A modular
fuel cell should be used secondary for a long-time energy
backup. The use of a modular fuel cell (built out of single
stacks) improves the performance of the whole configuration
and guarantees the energy supply even in cases of stack failure
[48]. However, the fuel cell configuration can be chosen by the
user. Itis possible to define one or more fuel cells built from one
single stack. To guarantee an accurate fuel cell operation the
use of hydrogen storage technology is required. For this target,
in this topology there are metal hydrides tanks and high
pressure tanks used. Finally, an electrolyzer is included to
ensure a precise energy balance in situations of electrical
overproduction and convert the overproduced electrical energy
into chemical energy while producing hydrogen. In order to
generate any consumption profile, we consider that the
network has programmable AC and DC loads.

The H2RES2 simulator includes the ability to define
different energy management strategies, as well as it includes
auxiliary functions, state diagrams and truth tables that are
derived from the established strategy, Fig. 2b.

Although MATLAB-Simulink is a powerful tool, the use of
this program requires high computing times [53]. In order to
mitigate this problem, all functions have been programmed
with the aim of reducing the computation time. In this
manner, the one-year simulation is performed in less than
one and a half minutes, with a time step of seconds.

Besides, the H2RES2 simulator includes mathematical ex-
pressions to model the effect of the battery bank voltage and
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Fig. 1 — H2RES2: General view.

charge efficiency, in order to calculate the energy losses
associated with this process.

Moreover, based on system parameters (like the battery
State Of Charge, hydrogen tanks level, fuel cell and electro-
lyzer start—stop cycles, run times, SOC hysteresis-based
operation mode, etc.), it is possible to perform a sensitivity
analysis of the lifetime of the involved devices [15-18],
comparing them after the implementation of different man-
agement strategies or configuration parameters.

Similarly, the H2RES2 simulator performs short-term time
simulations, to tender the user detailed information of the
system response with transients in a short time scale (sec-
onds). Moreover it enables the user to study the system sta-
bility while accessing all electrical and physical parameters
that are required for technical and economic analysis under
different strategies and configurations. Additionally, this op-
tion allows the user to conclude causes of risks, damages or
malfunction of all subsystems.

Results & graphical interface

Finally (see Fig. 2a), the simulator provides a graphical envi-
ronment in which the user is able to choose any variable to be
represented. This allows a fast location and simple definition
of parameters or phenomena that may affect the proper
functioning of the system as well as it compares the power
generation of different sources and the amount of the pro-
duced, stored or consumed hydrogen.

In particular, the H2RES2 simulator has a graphical envi-
ronment in which all system variables (physical, chemical and
economical) can be represented (Fig. 3). Furthermore, it in-
cludes a summary window which shows global parameters
(electrical and economic) obtained from the simulation (Fig. 4).

The results presented by the H2RES2 simulator include
both, the power and energy associated with each element.
They can be associated as well for electrolyzers, fuel cells,
hydrogen storage tanks, the hydrogen production, the
hydrogen consumption and hydrogen stocks. In case of fuel
cells, battery banks and electrolyzers, the number of operation
cycles can be displayed if necessary.

Particularly, the fuel cell deterioration, battery bank SOC,
battery bank charge losses and real nominal capacity are
represented in order to get enough information to develop
various sensitivity analysis.

Finally, the overall operation and the maintenance costs
are presented in the summary window.

Energy management study

The energy management strategy is responsible for solving the
problem of the power balance as well as for the load demand at
all ime. Additionally, it must guarantee the hydrogen pro-
duction, storage and consumption of each element; and all of
this taking into account technical and economic optimization
criteria with the aim of increasing the performance of the
system.

Energy management criteria

Before a description of the different energy management
strategies, we are going to define the parameters on which the
proposed strategies are based. In case of the H2RES2 simu-
lator, the control laws are established according to the priority
of the elements, the power balance, the SOC hysteresis band-
based operation mode and operation conditions.

Priority of the elements

Since the renewable energy hybrid system architecture of the
H2RES2 simulator is composed of various generation and
consumption subsystems, it is necessary to establish a hier-
archical structure to determine the usage of them in different
situations.

With this aim, the energy stored in the battery bank plays a
special role [21]. In fact, it is the key given to define the energy
management strategy. Remember this device should respond
in situations of energy deficit and support with security and
stability the transients both in the demand and the generation.

The use of primary generators of solar and wind energy is
not causing any other certain requirements for the reason,
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that these elements will supply energy whenever environ-
mental resources are available.

The other elements of the hybrid system, like fuel cells and
electrolyzers, have a secondary priority, due to their operation
conditions that depend on the battery bank SOC level.

Power balance

The energy management strategy is based on the calculation
of the power balance. The expression that models it is pre-
sented below Eq. (1):

Pm[=PPV+PWT_PIoad_Ploss
Where,

P,: Hybrid system net power (W)
Ppy: Solar panels power (W)

Pwr: Wind turbine power (W)
Pioqa: Load power (W)

Pyoss: Loss power (W)

™
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The sign and value of the power balance is determined
system situations: deficit, balance or excess energy situation.

Hysteresis

In order to avoid a high degradation due to the number of
operation cycles, the proposed strategy for electrolyzers and
fuel cells is based on SOC hysteresis bandwidth.

This way the strategy consists on determining the start and
stop conditions of fuel cells and electrolyzers in while using
the battery bank SOC level [29-32].

The operation of the battery bank, the fuel cell and the
electrolyzer inside the hysteresis band will be defined by the
last element that was operating on the previous time step. The
H2RES2 simulator facilitates the flexibility of modifying the
hysteresis bandwidth values or even to removing them. In this
last case, the user is given the chance to try other energy
management strategy not based on the SOC hysteresis oper-
ation mode.

The values used in the definition of the hysteresis opera-
tion scheme are defined below (Fig. 5):

- SOClow: Allowed minimum SOC value. Below this level,
the grid will supply demand and the fuel cell will be
disconnected in order to save energy from the battery
bank.

- SOCmin: Minimum SOC recommended to guarantee the
lifetime of the battery bank. This value coincides with the
start condition of the fuel cell.

- SOCfcmax: SOC value which indicates the stop condition of
the fuel cell concerning the battery bank has enough stored
energy to supply the load demand.

- SOCH2: Minimum SOC value which indicates the stop
condition for the hydrogen charging process from high
pressure tanks towards the metal hydride tanks. This value
is necessary for its absorption of energy in this charging
process absorbs energy (please see Annex A, Section
“Pressurized gas”) It will affect the remaining energy in
situations of low SOC value.

- SOCelemin: SOC value below which the electrolyzer must
be stopped.

- SOCmax: Maximum SOC value required for a reliable. This
value matches the SOC value at which the electrolyzer
should start, since this SOC value is the maximum allowed.

Operation conditions

The last criteria around that defines the energy management
strategy is related to operations conditions of the fuel cell and
the electrolyzer. H2RES2 simulator has the possibility to
choose between fixed or variable power conditions for the fuel
cell and the electrolyzer. This gives the possibility to perform
an analytical study of the effect on the operation of these
devices under the demand (Fig. 6).

Additionally, in case of the electrolyzer, a minimum power
point from which the electrolysis reaction is produced is
necessary. This also guarantees the minimum crossover ef-
fect [24,33].

Energy management strategy definition

The energy management strategy can be differentiated in the
charging process (energy excess), the discharging process
(energy deficit) and additionally the hydrogen storage
strategy.

Charging strategy

During energy excess situations, the power balance of the
system will be positive and as discussed above, the SOC value
will determine which element is to operate. As a conclusion, it
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is possible to distinguish between three possible situations
(Fig. 7):

SOC < SOCelemin

If the SOC is lower than for the electrolyzer start condition,
allthe excess of energy will be used to charge the battery bank,
in order to have enough energy to provide energy in cases of
an energy deficit.

SOC > SOCmax

In this case, the battery bank is at its maximum charge
capacity, so it should not admit more energy. The energy
excess should be absorbed by other elements.

In the first instance, any energy excess is absorbed by the
electrolyzer, taking advantage of it to produce hydrogen. If the
energy excessisinsufficient to guarantee the minimum power
required by the electrolysis process, it is ensured at all times
with the support of the battery bank.

In case the energy excess is higher than the electrolyzer
rated power, or the hydrogen storage system is at its maximum
capacity, the remaining energy is injected to the grid.

SOCelemin < SOC < SOCmax

During this situation the battery bank SOC is high enough
and electrolyzer and battery bank will operate in basis on the
hysteresis bandwidth strategy explained in Section
“Hysteresis”.

Discharging strategy

During an energy deficit situation, the SOC level will impose
again the operation conditions of the rest of the elements of
the system.

Since the battery bank is less expensive and more durable
than the fuel cell, it reserves the use of the last one for cases in
which the battery bank is not able to respond to the demand.

If the amount of hydrogen is enough negotiate the energy
deficit, the fuel cell will supply the load demand until the SOC
reaches the fuel cell's stop value. Conversely, if it is insuffi-
cient, the fuel cell will operate until the amount of hydrogen
reachesits minimum value, then the battery bank or grid have
to supply the demand. There are four operation zones
distinguished, depending on the SOC value (Fig. 8):

SOC > SOCfcmax

During this situation, the battery bank has enough charge
capacity to keep the load demand under security conditions,
therefore it is not necessary to use the fuel cell.

SOCmin < SOC < SOCfc

During this situation the SOC is low, the fuel cell and bat-
tery bank will operate based on the hysteresis strategy
explained in Section “Hysteresis”.

SOClow < SOC < SOCmin

This is case represents the limit situation of the system. On
this occasion, the battery bank is at very low SOC. For this
reason, all of the demand must be supplied by the fuel cell
and/or an auxiliary grid (which can be, with the switching
elements due, the same grid that is supplying the hybrid
system; as long as it is not isolated).

SOC < SOClow

This situation is given due to a lack of capacity of the fuel
cell to supply the demand. All the demand is satisfied by the

grid.
Hydrogen storage strategy

The hydrogen production will take place in situations of en-
ergy excess. The produced hydrogen must be stored in the

L 2 = 1
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[
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ves ves
[ o e S -
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BAT = PRET - PFC

Fig. 8 — Energy management strategy: Discharging process
diagram.
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Fig. 9 — Hydrogen storage charging/discharging diagram.

hydrides metal tanks for its future use in situations of energy
deficit.

The process of hydrogen storage only occurs in generation
situations (energy excess) and for values of SOC > SOCH2, in
order to guarantee the minimum charge level at all times. A
States diagram that models the hydrogen storage strategy is
presented in Fig. 9.

Technical and economic parameters

The H2RES?2 simulator has been developed with the aim to test
different energy management strategies, however, it also in-
cludes the possibility of a sensitivity analysis attending to
lifetime and costs of the devices which are integrated in the
hybrid power system. To conclude this section, technical and
economic parameters calculated by H2RES2 are presented.

Technical parameters

Asit happens to the entirely equipment, the useful lifetime of
the elements that are integrated in the renewable energy
hybrid system object of the H2RES2 simulator, depend on their
use and work conditions [58].

Considering an expected lifetime by the whole hybrid
system of typically 20—25 years, there are elements whose
lifetime coincide with these values. In this case, for the cost
analysis it is enough to assume the acquisition costs; this is
the case in solar panels, wind turbines, and hydrogen storage
equipment.

On the other hand, there are other elements whose useful
lifetime depends on the number of working hours or operation
cycles, for instance battery banks, fuel cells and electrolyzers.
These elements' lifetime depends on the established man-
agement strategy.

Additionally, due to their extending acquisition costs, and
to ensure the demanded supply as longas possible, a technical
devise deterioration analysis is performed to increase the
system performance.

Battery bank deterioration

According to scientific literature, operating temperature af-
fects the battery lifetime [34-36]. High operating tempera-
tures trigger a series of parasitic reactions which provoke the
reduction of its nominal capacity (2):

=

Detgar (T) = Detgar o (T = 20°C)*2 2)

Where,

Detgar (T): Battery deterioration associated with operation
temperature (Ah)

Detgar_o (T = 20°C): Battery deterioration at 20 °C operation
temperature (Ah)

T: Battery operation temperature (°C)

From this expression, H2RES2 simulator estimates the
nominal capacity degradation according to expressions (3)
and (4):

Cnom(t) = Cnom(t — 1), T < 20°C (3)

Cnom(t) = Cnom(t — 1) — 0.2*Cnom(t — 1)*
()

Lead-acid batteries degradation can be modeled with
complex models that accurately estimate the battery lifetime.
As an example [49], presents a degradation model based on
operating conditions during a discharge process with the use
of the weight factor. This parameter represents the loss of
degradation due to current rate, depth of discharge, acid
stratification, corrosion, etc. This model was validated in Ref.
[S0], and it is used in iHOGA software.

A linear aging coefficient function is presented in Refs.
[51,52], and was validated in Ref. [52]. The battery deteriora-
tion can be reflected over the nominal capacity deterioration
with the use of the linear aging coefficient according to Egs. (5)
and (6). For lead acid battery technology, an aging coefficient
value of 3'10 * can be considered as a good approximation
[52].

©)

*2 *At, T>20°C

Cnom(t) = Cnom(t — 1) — Cnom(0)*a* )
*(SOC(t —1) — SOC(t), T < 20°C

Cnom(t) = Cnom(t — 1) — Cnom(t = 0)*a*
).

Where,

(6)
(SOC(t— 1) — SOC(t)), T>20°C

«a: Estimated aging coefficient associated in the instanta-
neous discharging process.

Electrolyzer deterioration

The electrolyzer, mostly alkaline technology, is a high per-
formance operation device which has an estimated lifetime of
several years and even decades. The deterioration associated
with the electrolysis process is minimal and therefore it can
be considered negligible. At the end of the lifetime of an
electrolyzer the deterioration is associated to the number of
start—stop cycles [16,18].

To calculate the associated electrolyzer deterioration, the
H2RES2 simulator uses the relationship between accumulated
start.-stop cycles and the expected lifecycles (please see Sec-
tion “Unitary cost function for each element”; expression (11)),
given in typical electrolyzer technical handbooks/documents.
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Fuel cell deterioration
Experimental studies on fuel cells agree that the most com-
mon processes, which have an influence on the fuel cell
degradation, are related to start—stop cycles, the long opera-
tion time, and very fast demand variations [19,37,54]. The ef-
fect on the fuel cell is an increase of the kinetic losses due to
the destruction of the catalytic layer and the reduction of the
membrane thickness [38-40,54].

In practice, the deterioration results in a voltage drop
which considered the effects commented above [41].

The assumptions used by the H2RES2 simulator to model
the fuel cell voltage losses are presented in Eq. (7):

LOSS¢c = AVeyare*FCevere + AVrve*FCrive ?)
Where:

AVyc: Overall fuel cell voltage losses (V/cell)

AVeyepe: Fuel cell voltage losses per operation cycle (V/
operation cycle)

FCeycre: Fuel cell operation cycles (operation cycles)

Vet Fuel cell voltage losses per operation time (V/hr)
FCryme: Fuel cell operation time (hr)

The fuel cell net power results from the subtraction of the
gross generated power minus and the power associated to the
fuel cell (8):

Prc_ner = Prc_cross — LOSSrc*Irc (8)
Where:

Prc ner: Fuel cell net power (W)

Prc cross: Gross power generated (W) by the fuel cell (please
see Annex A)

Izc: Fuel cell current (A)

Hybrid system reliability

Finally, the H2RES2 simulator offers the possibility to evaluate
the system reliability. For this purpose the simulator includes
the calculation of parameters called Loss of Power Supply Prob-
ability (LPSP).

The goal of any power generation system must be the de-
mand satisfaction at all times. However, it is possible for
autonomous systems or under operation failures, that the
demand can not be guaranteed. Potentially, this results in
non-continuous operations, that cause the destruction of el-
ements and the economic detriment.

The simulator defines the LPSP index according to expres-
sion (9). This index allows it to compare the tested energy
management strategies and decide over an optimal response.
Furthermore, this index provides enough certainty to decide
over the element sizing to form a proper hybrid system [42,43].

St ,PDo
LPSP = &==1""",100 (%) ©)
YiaPD

Where:

PDo: Power demand no supplied by the system (W)
PD: Total power demand (W)
T: Period of time

Economical parameters

Up to now we have described the energy management stra-
tegies based on the H2RES2 simulator, allowing the analysis of
the operational feasibility. Additionally the technical param-
eters have been observed, to understand how the H2RES2
simulator processes information for and evaluates the life-
time of the whole hybrid system, foreseeing a necessary
displacement of devices.

To increase feature advantages of the H2RES2 simulator
and complete it with respect to the simulators reviewed in
Section “Introduction”, a cost analysis is included. This allows
the user to study the operational, technical and the economic
viability of its project.

Nowadays, one of the drawbacks in renewable energy-
based technologies is their high costs [1,2,9]. Nevertheless,
possible changes in the legislation as well as new energy
policies (in fact today all this is very different depending on
the country concerned) increase the demand of auto con-
sumption and distributed generation based on renewable
energies presents to a remarkably boom in the upcoming de-
cades. Moreover, in isolated applications, renewable energy
sources-based hybrid systems are already economically
justified.

To carry out an economic analysis of all the devices which
integrate the hybrid system, the H2RES2 simulator involves
the costs associated with each element as well as the lifetime
of each, in order to compare the economic viability and the
system behavior for different configurations.

Remembering the primary goal of the simulator, being a
software tool to study different energy management strate-
gies, the H2RES2 simulator takes those parameters into ac-
count, which vary during the operation and lifetime of the
system. These parameters conclude the Operation & Mainte-
nance and degradation costs.

Unitary cost function for each element

The H2RES2 simulator includes the expression that models
the total costs of each element, according to Eq. (10). This
unitary cost function, particularized by each element, reflects
the contribution of the acquisition costs, its operation and
maintenance costs, the expected lifetime and the expected
lifetime of the whole hybrid system.

. an
Cx(€) = Coxl,, + CO&Mx* (Jgi‘)—)

T+ -1
Cox. i_fl.x >Ls
Cox|y, =1 (14 i) (10)
Cox*| —————— . if Lx<
b ((1+i)“"—1) f Lx <Ls
r= i
Where,

Cx: Unitary cost function for device x (€)

Cox: Acquisition cost of the device x (€)

Cox|;: Actualized acquisition cost depending on lifetime
e

Lys: Lifetime of the hybrid system (years)
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Ly: Lifetime of device x (years)

CO&Mx: Operation & Maintenance costs of the device x (€)
i: Annual interest rate (%)

n: Years

r: Number of expected replacement of device x

As it can be observed in Eq. (10), the effect of interest rates
or inflation is considers the costs for each element, including
the annual interest rate, the number of years and its lifetime.
In case the user needs to change this relation, he can modify
the interest rate expression by its own auxiliary function.
Nevertheless, as has been mentioned before, the H2RES? is
not meant to provide an economic analysis software tool but
its goal is to test different energy management strategies,
evolving simulations in a one-year period.

Distinguishing the elements, of solar panels and wind
turbines, their useful lifetime coincides practically with the
expected lifetime of the whole hybrid system (20—25 years), so
we just have to compute the acquisition costs at the beginning
of the project.

Additionally, for those elements whose expected lifetime
depends on operating conditions, such as the battery bank,
the electrolyzer and the fuel cell, it is necessary to integrate
the degradation expressions (please see Section “Technical
parameters”) into the expected lifetime model.

The associated lifetime of the electrolyzer is depending on
the number of operation cycles and the maximum expected
operation cycles according to the following expression (11):

ELECcyae max

— *;
Leiec = ELEC oy t (years) (11)

Where,

Lgiec: Electrolyzer expected lifetime (years)

ELECcyeie max: Maximum expected start—stop cycles for
the electrolyzer during its lifetime
ELECcycre:  Accumulated — start—stop
electrolyzer

t: Accumulated operating time (years)

cycles of the

On the other hand, in case of the fuel cell, the simulator
includes the degradation costs depending on the maximum
voltage losses of expression (12). The fuel cell degradation is
determined by the operation cycles and operation time, as it
was studied in Section “Fuel cell deterioration™

§ LOSSFCAMAX*t

Lec = LSS (years) (12

Where,

Lec: Fuel cell expected lifetime (years)
LOSS;c max: Maximum voltage losses permitted for the fuel
cell operation (V/cell)

And finally, in case of the battery bank, the H2RES2 simu-
lator calculates two expressions for the lifetime parameter
((13) and (14)). The first one depends on the operation cycles,
while the second one depends on the capacity losses respect
toits initial value (please see Annex A. Lead-acid battery. State
of charge estimation). Comparing results from both

expressions, the one which provides the highest degradation
value determines the lowest battery bank lifetime, and this
one will be chosen by H2RES2 simulator for a conservative
design.

_ BATcveie_max,,
Lgar = BATores t (13)
_ Chow*02,
Lgar = ACrom t (14)
Where,

Lpar: Battery expected lifetime (years)

BATcycre max: Maximum expected battery operation cycles
associated with DOD design

BATcyere: Accumulated battery operation cycles

Cnowmo: Initial nominal battery capacity

ACyowm: Battery nominal capacity degradation

t: Accumulated operating time (years)

System cost function

The cost function of the whole system includes all the unitary
cost functions calculated for each element. Additionally, in
case of non-isolated systems, the H2RES2 simulator includes a
term associated with the costs derived from the energy
acquisition from the grid, or the benefits of energy injection in
situations of energy excess. These factors can be decisive
when choosing one or another energy management strategy.
The cost function of the overall system is presentedin Eq. (15).

C(€) =) Cx+Can (15)
Where,

C: Overall system cost (€)
Cerip: Grid operation cost (€)

The grid operation cost is calculated as following:

Cerip = Egrip_iv*Corip_in — Ecrip_our*Corip_out (16)

Where,

Ecrip in: Input energy from the grid to the hybrid system
(kWh)

Cerip inv: Cost to buy energy from grid (€/kWh)

Ecrip_our: Output energy from the hybrid system to the grid
(kWh)

Corip_out: Cost to sell energy to grid (€/kWh)

Simulation case

Summarizing what has been presented up to now, a general
description of the H2RES2 simulator has been done (descrip-
tion based on simulator structure, implementation and user
interface) as well as a review of the energy management
strategies that the H2RES2 simulator develops and the sensi-
tivity analysis it offers according to studied technical and
economic parameters.
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Arriving at this point and in order to show the correct
operation of the simulator as well as to know its genuine
features, two simulation cases have been developed. For this
purpose, authors have selected an energy management
strategy based on hysteresis bandwidth, with a variable
operating mode for the fuel cell and the electrolyzer. In the
first simulation case, a detailed description of obtained results
is presented attending to the power balance and technical and
economic parameters. The second simulation case is pro-
posed to show the sensitivity analysis allowed by the H2RES2
simulator.

Case I

For this case, the equipment characteristics like sizing, power
rate, costs and degradation parameters of each element are
shown in Table 2. There are 95% and 60% SOC values chosen
for SOCmax and SOClow, in order to charge the batteries as
much as possible and keep the maximum DOD under rec-
ommended values to keep a higher useful lifetime.

The system configuration, cost and degradation parame-
ters as well as the weather and the load profile (Fig. 10), are
based on a real prototype implementation developed by
different authors [45,46].

In Fig. 11 the different results obtained for the simulation
case are presented.

These results monitor the system behavior under energy
excess and deficit situations, based on the hysteresis band
strategy studied in Section “Hysteresis™.

In Fig. 11 the battery bank SOC value is presented, which
determines the charge state of the system. As it is presented,
during the summer months the battery SOC is always
remarkably high due to the high solar energy generation.
During this period hydrogen is produced by electrolysis pro-
cesses until the metal hydride tanks reach their maximum
level (see Fig. 11, days 50—80) Then the energy excess is
injected to the grid in order to keep the power balance at all
time (Fig. 11, days 80—285).

Table 2 — Parameters selected for the simulation case I.

Sim. time: 1 year

Element Resource BAT SOC %
PV 7.5kW SOCmax 95
WT 2kW SOCelemin 90
MH 20 Nm® SOCH2 85
ELEC SkW, 1 Nm? SOCfemax 75
FC 34kW x 2 SOCmin 70
BAT 400V, 100 Ah SOClow 60
Equipment cost Units

CO&MFC 0.6 €/h

CO&MELEC 0.1€/h

Cerip. v 0.136 €/kWh

Cerip_our —0.03 €/kWh

CoFC 8000 €

CoELEC 75,000 €

CoBAT 7650 €

Degradation Units

Viime 9 uV/cell/h

Ve 48 pV/cell/cyc

AVEC max 150 mV/cell

NELeCeyemax 5000 cycles

3500 T T T T T T T

1 T

2500

2000 1

Power (W)
g

g L L

0 i ) i
0 1 2 3 4 5 6 7 8 9 10

Time (Days)

Fig. 10 — Load profile.

On the other hand, during winter months, the system ex-
periences a constant energy deficit due to the low solar gen-
eration. During this period, the battery bank is more requested
and therefore, the battery SOC is lower than the previous one.

In order to preserve the defined SOClow value, the fuel cell
is used while the hydrogen resource is available. In the case
that fuel cell generation is too low or zero, the grid (in an
uninsulated configuration of course) will supply the necessary
energy to guarantee the power balance and the minimum SOC
value.

To detail the system behavior explained above, Figs. 1217
show the SOC values, the hydrogen consumption and gener-
ation and the fuel cell, the electrolyzer and the grid power for
different days and energy situations.

In the case of an energy deficit situation (days between 304
and 310), it is seen, how the battery reaches its minimum
level, and the fuel cell operates in order to keep it. In this case,
the fuel cell supplies the demand under variable operation
mode. When there is enough energy to charge the battery, the
fuel cell stops according to the hysteresis-band operation.

Finally, when the hydrogen stock is very low (from days
306—310), the fuel cell is not able to generate any energy, so it
is the grid's responsibility to assure the demanded energy and
keep the SOClow level balanced.

In the case of an energy excess situation (days 75—80), the
battery SOC reaches its maximum value. The electrolyzer's
start conditions are defined. The electrolyzer needs the extra
energy of 1 kW of the minimum power operation condition
(minimum power to start the electrolysis).

The overall simulation parameters are summarized in
Table 3.

As we can extract from Table 3, the H2RES2 simulator
provides all the electrical, technical and economic parameters
necessary to perform a sensitivity analysis based on different
energy management strategies.

Case II. Sensitivity analysis example

In order to show how to develop a sensitivity analysis with the
H2RES2 simulator, a second case is simulated. In this case the
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Fig. 11 — Overall system simulation results.
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Fig. 12 — Battery SOC under energy deficit situation.
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Fig. 13 — Fuel cell and grid power during energy deficit
situation.
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Fig. 15 — Battery bank SOC under energy excess situation.
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Fig. 16 — Electrolyzer power during energy excess
situation.
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Fig. 14 — Hydrogen level in metal hydride tanks.
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Fig. 17 — H, production during energy excess situation.
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Table 3 — Summary of technical—economical parameters.

Ecrip v (kWh) 710.47
Ecrio our (KWh) 2908.397
Egtec (kWh) 180.33
Erc (kWh) 64.35
Egar (kWh) 2635.58
Eroap (kKWh) 11,967.03
LOSScua (kWh) 209.54
ELECy, (Nm?) 23.15
ELECcycie 39
ELEC e (h) 117.37
FClevap/FCllcyere 17/6
FClrmne/ FCImse (h) 165.58/6.08
AViee/AVecy (mV/cell) 2.31/0.34
Nparceye 68
ACnowm (%) 212
LPSP (%) 5.94
CO&Mx (€) 1247.76

different authors have eliminated the hysteresis bandwidth of
the fuel cell operation (Table 4), maintaining the same SOC-
min value and therest of the simulation parameters similar to
Case L.

According to the results obtained from Case I and Case II,
Tables 3 and 5 respectively, we can state that the use of the
hysteresis band mode can reduce the start—stop cycles of the
fuel cell [45,46]. Besides, it requires higher operation time to
reach the SOCfcmax value [45,46]. Depending on the hydrogen
storage capacity, the difference between the fuel cell degra-
dation of both strategies can be determined by one of the
previous parameters.

In both cases, the hydrogen storage capacity is too low
considering the demand. All the hydrogen resource is
consumed and the fuel cell energy production is practically
the same. However, the overall fuel cell degradation is higher
in Case Il due to the higher number of start—stop cycles. All of

Table 4 — Parameters defined for the simulation case II.

Sim. time: 1 year

Element Resource BAT SOC %
PV 7.5 kW SOCmax 95
WT 2 kW SOCelemin 90
MH 20 Nm?* SOCH2 85
ELEC 5 kW, 1 Nm? SOCfecmax 70
FC 34 kW x 2 SOCmin 70
BAT 400 V, 100 Ah SOClow 60
Equipment cost Units

CO&MFC 0.6 €h

CO&MELEC 0.1 €/h

Cerip_N 0.136 €/kWh

Cermo_out —0.03 €/kWh

CoFC 8000 €

CoELEC 75,000 €

CoBAT 7650 €

Degradation Units

Ve 9 uV/cell/h

e 48 uV/cell/cyc

AVEC max 150 mV/cell

NEreceyamax 5000 cycles

Table 5 — Summary of technical and economical
parameters.

Ecrip v (kWh) 709.69
Egrip_our (KWh) 2908.97
Egec (kWh) 180.28
Erc (kWh) 65.08
Egar (kWh) 2635.57
Eioap (kWh) 11,967.03
LOSScua (k\”h) 209.54
ELECy; (Nm?) 23.14
ELECcycie 25
ELECype (h) 117.32
FCleyae/FCllcyere 31/15
FClmme/FClImne (h) 128.97/6.3
AVec/ AVecr (mV/cell) 2.65/0.78
Neatceye 67
ACnowm (%) 242
LPSP (%) 5.93
CO&Mx (€) 1263.81

this causes a low increase in the fuel cell's costs (Cg¢), and
therefore an increase in the overall system costs.

Thanks to this sensitivity analysis, the user can propose
different solutions for its simulation cases in order to mini-
mize the equipment deterioration and the system costs. As an
example, in the simulation case studied by various/the au-
thors a possible solution increases the hydrogen storage ca-
pacity and allows a longer operating time of the fuel cell
without start—stop cycles. This option reduces the degrada-
tion associated with operation time respect to the Case L

Conclusions

There is an increasing commitment of governments and
companies to change their energy policies, orienting them
towards higher energy efficiencies and renewable energy
sources. This leads to the need of a control system required by
hybrid renewable energy-based systems to manage the en-
ergy supplied by each source ensuring safe operation and
fulfilling the objectives. This control system must be based on
a proper energy management strategy which guarantees the
load supply, increases the lifetime of the elements, reduces
the operating costs, and therefore maximizes the system
performance and providing a technical and economical
feasible solution. For this purpose the use of software tools
which allow us to perform simulations and previous analysis
before the real implementation is necessary.

The software tools found in the scientific literature include
some restrictions, so that the development of new simulators
is necessary. The H2RES2 simulator presented in this paper
overtakes these restrictions and it allows the testing of
different energy management strategies, providing simula-
tions in the short-term time scale. Additionally it offers a
sensitivity analysis attending to costs and lifetimes of the
devices which are integrated in the hybrid power system. The
presented simulator allows the user to choose a configuration
and management strategy using a user-friendly interface,
providing a useful tool which offers detailed information for

115



116

Chapter 4: Results & Methods

OF HYDROGEN

13525

technical and economic data analysis, that is needed before
any genuine implementation is possible. Additionally, the
H2RES?2 simulator has been developed in MATLAB Simulink
environment adding helpful computing power and security.

Simulation cases studied in the last section demonstrate a
proper H2RES2 performance and show its features: energy
management strategy selection as well as a technical and
economic study.

Future work

The H2RES? is in a constant evolution process in order to
expand its architecture (generators, elements backups and
kind of loads) and integrate new tools and functions to
improve it.

New economic functions are developed in order to test the
effect of interest rates of inflation over the economical results
for long term simulations.

As a future task, H2RES2 simulator may also be used as a
SCADA (Supervisory Control And Data Acquisition) system,
taking advantage of all the previous studies performed
under simulation conditions. This involves the integration of
sensors replacing the previous simulation variables and
communication protocols of electronics and the PC hosting
the SCADA system. Finally, new kinds of elements and
different nature elements are going to be added in order to
increase the applications range of H2RES2.

Annex A. Simulator. Hybrid system models

Since the H2RES2 Simulator is intended to be a tool for testing
different energy management strategies, it is not necessary to
use excessively complex models that require a tedious pro-
gramming. The models used for the generators and auxiliary
elements have been widely studied; they are based on
empirical curves and parameters obtained from technical
documentation, so they represent faithfully the behavior of
different elements of the real systems.

Renewable resources and demand

Renewable resources

Solar radiation will be an input parameter to H2RES2 simu-
lator so it can be adapted to different weather resources of
different locations. The radiation series is considered to be a
file data with radiation data of every 10 min expressed in W/
m?.

Solar radiation and wind speed are other possible input
parameters for the H2RES2 simulator, that are used to esti-
mate the production of the wind turbine. Wind speed series
is a file with speed data every 10 min expressed in m/s.

Demand

H2RES?2 allows to define different load profiles. The goal is a
simulator with the possibility to simulate both, typical de-
mand profiles and extreme conditions, in order to analyze the

system response. The demand load profile must have at least
involved data of every 10 min expressed in watts.

Photovoltaic panels

Photovoltaic (PV) panels are arrays of serial and parallel
connections. The model used to represent them is based on
the empirical behavior of the panel current and voltage
regarding the radiation and operating temperature. Accord-
ing to Figs. Aland A2, in a PV panel the behavior of the short
circuit current regarding the incident irradiance is almost
linear. Conversely, the open circuit voltage hardly suffers
variations with irradiance, so it can be assumed as practically
independent of it [20].

In the same way, the short circuit current is maintained
virtually invariant with respect to the cell temperature. The
open circuit voltage behaves similar to a linear function with a
negative slope [20].

1 0 T T T T T T T
Cell temp.=25°c
S Incid.Irrad=1000W/m’ i
Incid.Irrad=800W/m’
< 6f J
H Incid.Irad=600W/m’
3 4t 1
Incid.Irrad=400w/m*
2r Incid.Irrad=200w/m’ ot
0 1 1 1 1 lﬁ\
0 5 10 15 20 40

Voltage[V]

Fig. A1 — PV (60 cells) polarization curves dependency with
irradiance.

10,

Cell temp.=25°c

Current[A]

41" Lncid.Irrad=1000W/m’
= Operating Cell Temp=10°c.Pmpp=234.9W
= Operating Cell Temp=25°c.Pmpp=220.6W
2| = Operating Cell Temp=40°c.Pmpp=206.2W
= Operating Cell Temp=55°c.Pmpp=191.8W
- Operating Cell Temp=70°c.Pmpp=177.3W

0 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Voltage[V]

Fig. A2 — PV (60 cells) polarization curves dependency with
cell temperature.
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Based on the above, the equations that model the behavior
of a PV panel regarding the irradiance (G) and temperature (T)
can be written with a good approximation as:

Isc(G, T) = ISCrer *G /Grer (1)
Voc(G.T) = Vocrer*(1 — kv*Tean) )
Where,

Isc : PV panel short circuit current (A)

Iscrer: PV panel short circuit current (A) at reference
irradiance

Voc : PV panel open circuit voltage (V)

Vocrer : PV panel open circuit voltage at reference temper-
ature (V)

Grer : Reference irradiance (W/m?)

G : Incident Irradiance (W/m?)

Teen: Cell temperature (°C)

kv: Voltage temperature coefficient (V/°C)

To calculate the generated power at any irradiance, it is
common to use the NOCT (Nominal operating cell tempera-
ture) conditions as reference, because it determines real
power, voltage and current under nominal cell temperature
operation. Then the generated power dependence with irra-
diance follows expression (3):

P(G) = Pnocr*G/Gnocr )
Where,
Pnocr : Generated power at NOCT condition (W)

After this, for given conditions of irradiance and cell tem-
perature, the real generated power by the PV panel can be
calculated from Eq. (4):

P(G.T) = P(G)*(1 — Kpr#Teen) (4)
Where,

Kpr : Thermal power variation coefficient (W/°C)

Finally, to calculate the cell temperature (°C) we can use Eq.
(5) [20]:

Tnoct — 20 e )

Teent = Tamb + e

Wind turbines

The wind turbine model used in H2RES2 is based on the power
curve relating the generated power with the wind speed and
referring to electrical and mechanical losses.

According to Ref. [22], we can define the following areas in
a wind turbine power curve (Fig. A3):

Power (kilowatts)

A Rated output speed Cut-out speed
Rated output power
Cut-inspeed
I I1 I11 v
35 14 25

Steady wind speed (metres/second)

Fig. A3 — Wind turbine power curve.

Zone I: This zone corresponds to the area between a null
and the cut-in wind speed.

Zone Il or partial cargo area: This area is defined by the cut-
in speed and the operation rated speed of the machine. In this
area, the generated power is lower than the nominal power
and it follows a cubic function with respect to the wind speed.

Zone III or full load area: In this area the wind speed is
higher than the rated speed. To avoid any damage in the wind
turbine, it is common to use a power control technique whose
aim is to keep the machine running at rated power.

Zone IV: This area is defined by wind speeds higher than
the cut-out speed. In order to protect the wind turbine, me-
chanical breaking techniques are used to cut down the
generation.

Expression (6) shows the relation of generated power
regarding wind speed, differencing each above described
zones.

0; V < Veyeoin
1
NmNeCp 3 pAV3: Veut-in < U <Vrated

MmNePni Viated <V < Veurout

0: Veur-out <V

Where,

Nm: Mechanical efficiency of the wind turbine
ne: Electrical efficiency of the wind turbine
Cp: Power coefficient

p: Air density (kg/m°)

A: Rotor area (m?)

v: Wind speed (m/s)

Pn: Nominal power of the wind turbine

Lead-acid battery
For the needs of the H2RES2 simulator, the energy that the

battery is able to absorb and the transfer during the charging/
discharging cycles is modeled. It is necessary to model the
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battery state of charge (SOC) as well, due to the fact, that it
represents a fundamental decision parameter in every energy
management strategy. It determines start—stop conditions of
other elements of the system.

Battery electrical model

The battery electrical model is obtained from its Thevenin
simplification (Fig. A4). From here we can propose the battery
current dependence on thenet power (Eq. (7)) and consequently
the battery voltage, (Egs. (8) and (9)) according to Ref. [23].

[

oc Rload

1
| 1-

Fig. A4 — Battery simplified model.

+
Vbat

Pnet
. 7
L )
Vgar = Vo — Ipar#Rpar ®)
/189
Rpar = ( e 0.0150) ©)
Where,

Pret : Net battery power (W)

IzaT: Battery current (A)

Vgar: Battery terminal voltage (V)
V,.: Battery open circuit voltage (V)
Rpat: Battery internal resistance ()

State of charge estimation
In H2RES2 simulator Coulomb counting method has been used as
SOC estimator.

SOC estimator algorithm. The Coulomb counting method cal-
culates the capacity balance during charging and discharging
processes. To improve the algorithm accuracy, it is necessary
to use short time samples and high accuracy sensors. How-
ever, this method is an open loop estimator, so external
correction after a certain period of time is required [23,55].

The equation that models the Coulomb algorithm is pre-
sented in Eq. (10):

t

SOC(t) = SOC(0)+ / bar(t)ne () dt
0

Cap(D (10
Where:

SOC(0): Initial battery SOC value (%)
Izat(t): Battery current (A)

e (t): Coulomb efficiency (%)
Cap(t): Battery current capacity (Ah)

Equation (10) can be solved using numerical integration
(11):

(t)xIgar(t)* At

¢
SOC (t) = SOC(t — 1)+ Cap (O (11)

These expressions can be separated for charging process:

Ne <100 %

Cap(t) = Cnom(t)

Where Cnom is the nominal capacity of the battery.
And discharging process, according to Peuckert' law:

nc=100 %
Cnom(t)+I'™

Cap(H) = Inom' ™

Where Cnom integrates the deterioration associated with the
different charging/discharging processes.

Electrolyzer

There are several electrolyzer technologies in the market,
while alkaline electrolysis is the most widely used, due to its
price and demonstrated performance [24,25]. Reactions
occurring within an electrolytic cell regardless of the tech-
nology are:

Anode: 20Haq — 1/0, g + H,0 + 2e” (12)
Cathode: H,O + 2e — 1/2H, + 2 OH aq (13)
Hydrogen production

As opposed to what happens with photovoltaic panels and
wind turbines as electrolyzers, it is not very common to find
power-hydrogen generation curves in its technical charac-
teristics. For this reason authors have opted for using a model
based on Faraday's law, which relates the amount of input
current regarding the produced hydrogen [26,57].

Ne*lppcxt

mols Hy = Frz

(14)
Where,

ng: Faraday's efficiency

Igiec: Electrolysis current (A)

t: Time (s)

F: Faraday's constant (96,485 C/mol)

z: Number of electrons which play in the reaction (z = 2)

According to the electrical power definition and consid-
ering the nominal operation voltage, a relationship between
input power and hydrogen production is easily found (15):

Ne*Prpc*t

Peiec = Veec*lmec=>mols H, = Frzx Vi (15)
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In a real system this expression needs to be corrected to take
into account the auxiliary loads consumption (P,). Auxiliary
loads usually represent 10—-20% of the total consumed power,
and mainly used to feed the refrigeration system, and the con-
trol and operation electronics. Finally, expression (16) allows
the calculation of the hydrogen production based on the sup-
plied power and the auxiliary loads consumption:

_ Np#(Peec — Pauy)#t

WOl = ez e Ve, (16)

Fuel cell

In a fuel cell, the processes of oxidation and reduction of
hydrogen and oxygen at the anode and cathode respectively
follow the equations:

Anode : 2H; »4H" +4e" (17)

Cathode : O, +4e™ +4H"—2H,0 (18)

Fuel cell power curve model

In the case of fuel cells, polarization and power curves in
technical documentation are commonly provided by manu-
facturers. Taking advantage of this, the model used by the
H2RES2 simulator corresponds to the least squares method of
the voltage versus current curve provided by the manufac-
turer (19). The greater number of points that are used is, the
better the accuracy achieved. Fig. AS shows the real perfor-
mance of a fuel cell developed by authors and based on the
stack FC1020 from Ballard” [44].

Vic=a*l+bxBc+crlc+d (19)
PFc_gmss = Vecrlpe (20)
Where,

Vec: Fuel cell voltage (V)
Igc: Fuel cell current (A)
Prc_gross: Gross power generated (W) by the fuel cell

Fuel cell consumption model

Similar to what was done in electrolyzer modeling, the Fara-
day's law will be used again to calculate the hydrogen con-
sumption based on the fuel cell operating point [27,28].
Knowing the operation point of the fuel cell, the hydrogen
consumption can be determined.

80 2500
70 \ /\\
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N \\
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i ' g
fw tooo 3
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/ N
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°

~—a—Stack voltage =& Stack power

Fig. AS — VI, P—I curve for FC1020 from Ballard®.

Ipc#t

TFaz+Eff @

mol Hyz: Produced hydrogen (mol)
Eff: Fuel cell efficiency (%)

The efficiency is calculated from the quotient between the
electrical power produced by the fuel cell and the hydrogen
heat power, expression (22):

— (Prega\ Vrc#lre
BT = ( Py, ) " mol Hy*LHV * Iz @2

Where,

Pec,.... : Fuel cell output power (W)

Py,: Chemical power associated to determined hydrogen
consumption (W)

LHV: Hydrogen lower heating value

Hydrogen storage

Regarding hydrogen storage, H2RES2 simulator implements
the two most widely used hydrogen storage technologies
currently: pressurized gas and metal hydrides.

Pressurized gas
The considered parameters regarding pressurized hydrogen in
a tank are the hydrogen input (Nm®) (this hydrogen has been
generated by the electrolyzer), consumed hydrogen by the fuel
cell, initial level of the hydrogen tank (H, ), as well as the
maximum and minimum levels which guarantee the proper
tank operation. Since the input and output flow rate capacityis
higher than metal hydrides tanks can support, it can be
assumed, that the flow rate is imposed by the maximum ca-
pacity of hydrogen absorption of metal hydrides tanks.

The hydrogen balance inside the tank is given at every
moment by the amount of hydrogen input and hydrogen
output, adding the initial hydrogen stock.

Hz(Nm3) =H.in —Ha oue +Hao (23)

Metal hydrides tank

Unlike high pressure tanks, metal hydrides tanks need a
power supply to stabilize the temperature of the cooling water
during the hydrogen charge and discharge processes. This
means that the power consumption by hydride metals can be
considered as another load with respect to the power balance.
The metal hydrides model includes the hydrogen balance,
similar to the one for high-pressure tanks, and a model that
reflects the power consumption of the cooling system.

The power consumption of the cooling system can be ob-
tained from the manufacturer's data, and in general itis givenas
a function of the input/output hydrogen flow rate. Given a
particular operation flow rate, it is possible to calculate the metal
hydride tanks power consumption according to expression (24):

PHM = FRHZ*Pcool (HZ) (24)
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Where,

Pum: Metal hydride tank power consumption (W)
FRy,: Inlet/outlet hydrogen flow rate (Nm?h)
Peool (Hp): Cooler/heater power consumption per Nm?/h

(W)

To distinguish the charging and discharging process of the
metal hydride tanks, the model includes a way to check the
derivative of the hydrogen balance. If the derivative is not
zero, the metal hydride tank is charging or discharging and
the derivative sign will define it.

The hydrogen balance modelis similar to the high pressure
tank model. The model takes considers the hydrogen input
(from high pressure tank), the hydrogen output (towards the
fuel cell), the initial hydrogen level and the maximum and
minimum limits which ensure the safe operation of the
system.

Grid

As it has been mentioned above, H2RES2 allows modeling
isolated or grid connected hybrid power systems.

In case of grid connected systems, the grid is represented
by a model that is recommended to solve two different situ-
ations (deficit and overproduction). In energy deficit situa-
tions, the grid behaves as an additional generator that injects
the needed power to guarantee the power balance of the
system.

On the other hand, when the system provide an over pro-
duction, the grid is supposed to behave as a variable charge
that consumes as much power as needed to achieve the power
balance.

Finally, in case of isolated applications, the grid concept
which appears in the simulator defines and allows quanti-
fying the energy deficit or energy overproduction of the
studied hybrid system. This parameter indicates the differ-
ence between the generated and the consumed energy,
providing the user an opportunity to test the viability of his
configurations. Based on the obtained results, the user is
enabled to look over the proposed energy management
strategy and the system sizing.
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In this work, a new low-cost and high-performance system for cells voltage monitoring and
degradation studies in air-cooled polymer electrolyte fuel cells has been designed, built and
validated in the laboratory under experimental conditions.

This system allows monitoring in real time the cells’ voltages, the stack current and
temperature in fuel cells made of up to 100 cells. The developed system consists of an
acquisition system, which complies with all the recommendations and features necessary
to perform degradation tests. It is a scalable configuration with a low number of compo-
nents and great simplicity. Additionally, the cell voltage monitoring (CVM) system offers
high rate of accuracy and high reliability and low cost in comparison with other com-
mercial systems.

In the same way, looking for an "All-in-One" solution, the acquisition hardware is
accompanied by a software tool based on the "plug and play" philosophy. It allows in a
simple way obtaining information from the cells and performing a degradation analysis
based on the study of the polarisation curve. The different options and tools included in the
CVM system permit, in a very intuitive and graphical way, detecting and quantifying the
cell degradation without the need of isolating the stack from the system.

Experimental tests carried out on the system validate its performance and show the
great applicability of the system in cases where cell faults detection and degradation
analysis are required.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Among the main benefits of the hydrogen technology
compared to traditional battery-based systems is highlighted

Due to the imperative need to find new sustainable energy
models from the economic and environmental point of view
[1], the use of hydrogen, and associated with it, the use of fuel
cells is presented as an impending solution [2,3].

* Corresponding author.
E-mail address: francisco.vivas@diesia.uhu.es (F.J. Vivas).
https://doi.org/10.1016/j.ijhydene.2018.12.172

the higher energy density, short charge/discharge times, as
well as large-scale storage and expansion capacity [2,4,5]. In
contrast, fuel cells have a very important handicap in terms of
cost and degradation ratios, which greatly damages the life-
time of this kind of systems [6-8].

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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The degradation processes associated with the reduction
of performance affect all the constituent parts of the fuel cell
[9]. These processes can have different origins, chemical,
electrical, thermal, mechanical, and usually follow a specific
pattern of action [10-12].

In this sense, demonstrations show that the operation of
fuel cells under low and high current density conditions can
increase the carbon corrosion process on bipolar plates,
causing changes in the mechanical structure of the platinum
support [11,13-15]; as well as the agglomeration of the plat-
inum particles with the consequent active surface loss
[8,13,16,17]. Alternatively, carbon corrosion will result in poor
management of the flow of gases in the bipolar plates with
theresultantlostdue to mass transfer [16,18,19]. Similarly, the
production of water is reduced and therefore tends to dry the
membrane and reduce its proton activity [19-21].

Similarly, operation at high current densities tends to
produce high amounts of water at the cathode, and this can
cause flooding of the gas diffusion channels and consequently
the gas starvation phenomenon [18,21,22].

Conversely, the operation under cyclical conditions will
accentuate the previous problems, besides causing a me-
chanical stress to the membrane favouring the appearance of
cracks, pinholes, crossover gas and ultimately a reduction of
the active surface [10,23,24].

The increase of the gas crossover will cause the appearance
of peroxide radicals that will favour the chemical attack of
membrane and catalytic layer [25,26]. The reduction of these
pollutants is produced by a strongly exothermic reaction,
which will cause hot spots in the membrane, favouring the
appearance of new cracks and therefore a greater gas cross-
over effect and a fatal chain reaction [18,20,27].

From the thermal point of view, the operation at a high
temperature favours the catalytic effect on degradation re-
actions and the production of pollutants [20,28,29]. Then
again, the operation at low temperatures tends to reduce the
activity of the membrane, in addition to being able to even
form ice inside the fuel cell provoking a collapse in the water
management system [28-30].

Based on the foregoing, we can conclude that the operating
conditions determine the degradation of the different parts of
the fuel cell and, therefore, have influence on the performance
and useful lifetime, Table 1, [31-33].

However, there is a lack of hardware-software tools
focused on detecting the relation between the operating

conditions and the associated degradation. These tools would
allow carrying out degradation studies directly on the device
during its operation in the final application [34,35], and they
would favour the fuel cell technology penetration into the
industry.

So far, there are three main methods to perform degrada-
tion diagnostics studies on fuel cells: the study of the polar-
isation curve, the study of impedance by electrochemical
spectroscopy, and current interruption method [31,36].

The study of the polarisation curve is based on the com-
parison between the real polarisation curve of the fuel cell
respect the original one. The overall degradation process can
be modelled using different mathematical expressions as the
Nerst's Law, the Taffel equation, etc [37-39]. Tey are observed
as a voltage drop respect to the original polarisation curve
and, therefore, the fuel cell is unable to supply the nominal
current.

The study of impedance by electrochemical spectroscopy
(IES) is based on the frequency response of the fuel cell under
low amplitude sinusoidal signal with certain frequency
values, depending on the different operation zones on the
polarisation curve [12,40-42]. This method aims atidentifying
the electrical model based on the RC circuit that describes the
double-layer effect on the fuel cell [42-44].

The lastmethod, current interruption, has the same goal as
the IES, but it is simpler. The fuel cell model parameters are
obtained from the voltage transient response of the fuel cell
during a step/impulse change in the current [45-47]. This
method is restricted to the possibility of obtaining only certain
values for ohmic and activation losses [48,49].

Then, based on the above, only the polarisation curve
method could be used in the final application without the
need to isolate the stack from the rest of the fuel cell system
[36,37,41,50], simplifying its use. In the same way, the
implementation based on individual cells voltage monitoring
versus operating current allows detecting and quantifying
at the same time the degradation accumulated by each cell in
the different zones of the polarisation curve [16,51]. Therefore,
the degradation study based on the polarisation curve is the
most widespread solution [9,49,52], and the use of cell voltage
monitoring (CVM) systems as the physical tool to carry it out.

Despite being a very important tool, CVM systems are
usually very expensive (please see Table 2), mostly conceived
for its use in laboratories and test benches, making difficult
their use directly into the final application by either design

Table 1 — Summary of degradation processes that have effects on the fuel cell performance.

Process Effect
Electrical Low current density High current density
Carbon corrosion on bipolar plates Flooding of gas diffusion channels
Changes in mechanical structure of the platinum Fuel starvation
Active surface losses
Mechanical Cyclical operating conditions
Cracks apparition Pinholes on MEA
Gas Crossover Active surface reduction
Thermal Low temperature High temperature

Membrane activity reduction
Ice formation
Water management system collapsed

Catalytic effect on degradation reactions
Production of pollutants
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Table 2 — Technical characteristics of CVM systems. Proposal by authors and commercial and patented solutions.

Device Channels Resol. Accu. Sampling CMRR Elect. Isolation Power supply Power Price
(bits) (mV) frequency connection Voltage consumption  (€)
CVM All-in-One 100 24 5 10 Hz 120V  Probes/Cable  1kV USB/External <1.5W 120
[62] 144 = 10 7 Hz 300V Cable 3kVv External 43W 2880
[74] 10 16 6 100 Hz - Cable 14kV  External 0.8 W >2000
[75] 128 10 3 50 Hz 600V Cable = External <SW 1900
[59] 90 12 6 10 Hz 200V  Cable 1kV External 4W 5000
[60] 32 16 5 S Hz 300V Cable 1kv External/Fuel cell 120w >2000
[61] 128 12 5 - 130V Cable — External/Fuel cell 3w >2000
[76] 32 16 4 30 Hz 85V  Cable 1kV USB <«L5W 1875
[77] 90 12 3 12.5 Hz 85V Cable 1kV External 6W 7706
[69] 70 12 1 10 Hz 80V Cable 1kVv External 35W 9655
[56] 80 12 5 0.75 Hz 200V Cable = External <SW 460

criteria, dimensions or overall project cost [53]. All these rea-
sons lead ultimately to the no use of this type of systems
directly into the final application. Therefore, this hinders the
availability of an experimental base of knowledge to detect
and quantify the degradation rate that the fuel cell suffers
when it works at different operating conditions. Conse-
quently, studies oriented to improve the useful lifetime of fuel
cell are missing.

For all the above, the aim of this article is to present a new
hardware-software solution that allows to perform degrada-
tion studies based on the analysis of the fuel cell polarisation
curve. For this, a high-performance, safe, easy-to-design and
low-cost CVM solution is presented. It can be adapted at any
time to any type of application in terms of operating condi-
tions and sizing, also reducing the economic impact on the
overall system cost.

This article is organized as follows. A brief review of the
different CVM requirements and solutions available in the
scientific literature or in the market, is presented in Section
Cell voltage monitoring systems. requirements and
commercial solutions. The proposed hardware/software so-
lution for CVM is described and analysed in detail in Section
Cell voltage monitoring “All-in-One”. prototype description.
Experimental results obtained from tests applied over the
developed CVM system are presented in Section Validation
test. Experimental results and Discussion and, finally, con-
clusions and future works are outlined in Section Conclusions.

Cell voltage monitoring systems. Requirements
and commercial solutions

For the correct implementation of degradation analysis tools
based on the study of the polarisation curve, it is necessary to
monitor the cells’ voltages and their relationship with the
working current in order to be able to define the current
polarisation point of each cell [36]. Likewise, the monitoring of
the stack operating temperature will also allow determining
cause-effect relationships between the detected degradation
and problems associated with different possible causes, suchas
high current densities, inverse polarisation currents, thermal
management and humidification deficiencies, etc. [30,54,55].
For a proper implementation of an acquisition system
associated with this type of applications, it is necessary

previously to define some minimum requirements to be met,
in order to guarantee an accurate and safe measurement.
These requirements are summarised below.

Requirements

Depending on the study to be carried out, CVM systems must
meet the minimum constraints to ensure accurate readings.
As a general rule, it is estimated that these systems should
measure at a minimum sampling frequency of 1-4 Hz, and
they have an accuracy of +100 mV to detect significant faults
and +10 mV to perform degradation analysis [36,56].

According to the above, it is necessary to design an
equipment with a sampling rate according to the number of
cells, or to develop an instrumentation channel per cell
Normally, the first option implies a decrease in the overall
accuracy of the CVM system by increasing the sampling fre-
quency (reduce free noise bits), while the second alternative
increases the hardware cost and complexity exponentially.

Instead, from the security point of view, it is necessary the
use of electrical insulation to prevent damages both in the
electronics and cells [56]. In the same way, the system has to
take into account different actions to avoid reverse current or
short circuit situations between cells in a possible failure
during the acquisition process. This requires a more
comprehensive design and the use of components that make
it rather expensive.

Taking into account the manoeuvrability of the system, it
is necessary to develop a cell voltage acquisition system that
facilitates the interface with the fuel cell. The current solu-
tions require large quantity of crimped cables [53,56-70]. This
means a greater complexity of assembly, and the possibility of
bad connections putting at risk the integrity of the stack.

Finally, low-cost systems and a “plug and play” philosophy
are needed in order to promote the use of CVM systems and to
facilitate the design, study and operation of fuel cells in the
industrial, research and university realm.

Overview of CVM commercial solutions

Currently, the most common CVM systems are high-cost
systems that provide a hardware/software solution for the
acquisition and monitoring of cells’ voltage in the fuel cell.
Nevertheless, these systems obviate other important
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parameters such as the stack current and temperature, which
are fundamental to analyse the polarisation curve of the fuel
cell [38,39]. In some cases, these systems only act as an alarm
generator when certain levels of minimum operating voltage
are exceeded [58,64,65,68,71]; thus, they do not allow degra-
dation studies.

From the hardware point of view, there are several solu-
tions based on the non-multiplexed systems [58,60], or
partially multiplexed [62,64,65,68], which cause an increase on
the number of components and, thus, on the associated cost
and complexity.

Other solutions opt for multiplexing after the conditioning
stage using a single analog-to-digital converter (ADC) [72],
which reduces the cost compared to previous solutions, but it
requires a more complex sizing and error correction actions
associated with tolerances of components. In any case, this is
a high cost solution that does not include isolation between
the power equipment and the control unit.

Conversely, there are solutions that use full multiplexing
and a single front-end stage [53,56,63,67]. These solutions are
usually low-accuracy, low-cost and non-isolated systems. In
addition, the multiplexing leads to low sampling frequencies,
not recommended for stacks with high number of cells (>50).
As an exception, in Ref. [59] an isolated configuration that
allows a higher sampling frequency is presented, but it is
more expensive than the previous solutions.

According to the electrical coupling between acquisition
hardware and fuel cell stack, the most common solution is the
direct connection point to point through wiring [39-41,43—54],
which leads to more vulnerable connection due to surround-
ing electromagnetic noise. This fact, together with the difficult
task of ensuring a correct electrical coupling can lead to false
contacts, which can cause short circuits, incorrect measure-
ments, or simply no measurement, puttingat risk the test and
the veracity of the results.

In contrast, there are several solutions that propose only a
coupling based on retractable probes that ensure a correct
electrical contact even under irregular cell surface, but they
avert the subsequent acquisition hardware [71,73].

Finally, the cost of commercial solutions makes these de-
vices are almost prohibitive to the end user. This is why fuel
cell degradation analysis are given up and, consequently, all
the information they can supply is neglected.

Table 2 shows the main characteristics of the CVM system
proposed in this paper, and it can be compared with com-
mercial and patented systems found in the scientific
literature.

Cell voltage monitoring “All-in-One”. Prototype
description

The developed prototype allows cell voltage monitoring,
including current and temperature sensing for a fuel cell stack
up to 100 cells and a maximum current of 100 A. The number
of cells and the maximum current of the stack can be
expanded according to user needs.

The system consists of a perfectly interconnected hard-
ware and software component, which allows its use based on
the “plug and play” philosophy through a USB connection to

any PC. The hardware component has been designed with the
aim of guaranteeing a low-cost solution with sufficient accu-
racy and safety features for the designed application. The
proposed system reduces the necessary hardware, coupling
directly on the fuel cell stack and powered mainly from a USB
connection.

The monitoring software allows real time measurements
of the cells’ voltages, simultaneously with the stack current
and temperature, allowing at any time to associate the
degradation causes (observable mainly by the value of each
cell voltage) and the operating point, according to the polar-
isation curve of the fuel cell to be tested.

The purpose of the developed CVM system is to provide a
complete low-cost and easy-to-use solution that can be uti-
lised in any sector involving the usage of fuel cells.

The elements that integrate the proposed system are
described below.

Hardware implementation and assembly on the stack

Hardware implementation

The CVM acquisition hardware can be divided into four sub-
systems that have been designed taking into account safety,
accuracy and economic principles.

The system has been implemented according to three
electrically isolated zones: high voltage zone, acquisition zone
and control zone. The complete system scheme is presented
in Fig. 1.

Front-end subsystem. This subsystem includes all the neces-
sary elements to define the first conditioning stage of the
signals obtained from the sensors, or direct measurements
from cells voltage.

Voltage divider. Firstly, a 1:8 gain stage has been imple-
mented with the aim of reducing common mode voltages,
which can reach as high as n volts, where n is the number of
stack cells. This results in a practically unassuming voltage
value by commercial analog multiplexers and amplifiers [56].
This first stage simplifies the design and reduces the cost of
the following steps. Contrariwise, it is necessary to use more
accurate and higher resolution acquisition systems, because
the differential cells voltage is reduced up to eight units.

The use of this pre-multiplexing step also helps to reduce
ohmic losses associated with the leakage current of various
multiplexer's connections, because there is no voltage drop
just before the instrumentation amplifier. In addition, it al-
lows to increase the security of the system in case of a fault
during multiplexing cycles, providing a high impedance be-
tween cells and avoiding the occurrence of short circuits.

Multiplexing. The multiplexing stage allows reducing the
number of conditioning amplifiers and front-ends stages;
therefore, it promotes a cost reduction and a simpler acqui-
sition solution [78]. Oppositely, it increases the performance
of the system as long as all the signals are conditioned and
acquired by the same circuit; accordingly, it avoids problems
associated with differences in circuits offset, linear response,
bandwidth, thermal drift, filtering stages, tolerance of com-
ponents, etc.
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Fig. 1 — Electrical scheme of acquisition and control hardware.

Dischargie ng stage. Becausof the inclusion of multi-
plexing, the effect of the multiplexer parasitic capacitors, and
the filter capacitance effect must be taken into account. These
capacitances may cause the appearance of residual voltage
during the multiplexer transitions and, therefore, the reverse
current flow towards the cells. This occurrence can have
irreversibly effects on the fuel cell, so it is important to pre-
vent it [2,47]. The most common solutions are to use of dis-
charging resistors at the output of the multiplexer, or to
increase the death time during switching.

The first solution, discharging resistors, introduces a
parasitic resistance that causes a resulting parallel resistance
which modifies the gain of the resistive divider and, hence, the
accuracy of the CVM system.

The second solution, to increase the death time, avoids the
previous problem, but it requires longer multiplexing times
and, therefore, reduces the sampling frequency, causing non-
compliance of the minimal frequency requirements.

The solution adopted in the CVM system proposed in this
paper is the use of a selective discharging resistor, controlled
by microcontroller through an opto-coupler, which allows
discharging the parasitic capacitance through the resistor only
during a short death time between commutations. This solu-
tion combines the advantages of the both proposed alterna-
tives and it allows obtaining an accurate measurement
withoutbarely reducing the sampling frequency of the system.

Filtering. In order to filter the effect of possible radiated or
conducted noise, a first-order analogue low pass filter is used
based on passive RC components. This stage will mitigate the
noise effect over the signal before its conditioning, preventing
the noise spreading to later stages.

Cell voltage signal conditioning. For the signal conditioning,
a low-cost and high accuracy instrumentation amplifier
model INA128 is used. It allows obtaining an output signal
identical to the differential voltage between two electrical
terminals (n-1 and n), associated with nth cell.

The use of a differential amplifier is essential to ensure the
common mode voltage rejection and the cancellation of dif-
ferential noise.

Insulation. In order to guarantee the safety of the subse-
quent stages, the use of a low-cost and high-performance
isolation amplifier model ACPL-C78A has been chosen to
apply an 8:1 gain to the input signal. This gain stage allows
recovering the original voltage values and, therefore,
increasing the accuracy of the system taking advantage of the
overall analog-to-digital converter (ADC) operating range.
Alternatively, the use of this isolated amplifier keeps an
electrical insulation between the high voltage circuitry and
the acquisition and control circuitry, avoiding the propagation
of possible failures in the first stages.

Current and temperature conditioning. For current sensinga
closed-loop Hall effect sensor is used, which guarantees ahigh
linearity response over a wide range of currents and electrical
insulation. In the case of temperature measurement, a NTC
thermistor is used because their exponential response makes
it capable to detect small changes in the stack temperature
with high accuracy [39].

For this purpose, operational amplifiers model TL081 with
a voltage follower (buffer) configuration have been used in
order to increase the impedance of the output sensor line and,
thus, reduce losses associated with current consumption
during the acquisition stage. This solution will therefore in-
crease the accuracy of the CVM system.

The current and temperature measurements and condi-
tion stages are carried out in the low voltage zone, because the
nature of the sensors permits an isolated measure with
respect to the high voltage zone and, therefore, no further
actions are required.

Acquisition subsystem. The acquisition subsystem consists on
a low-cost AS ADC model ADS1220 with 24-bits resolution and
up to 2 kHz sample rate. The low noise, high linearity and low
thermal drift of the ADC allows obtaining high precision
measurements, necessary for this type of applications.

The noise of this ADC can be optimized reducing the output
data rate; however, it is necessary to get a commitment be-
tween noise and the output data rate required for this appli-
cation. In our case, it is enough 10 samples per secondin order
to capture the dynamic of each cell. So, 1000 Hz sampling
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frequency has been chosen (10 samples per second for a
100 cells stack). At this frequency, the noise-free bits from
peak-to-peak noise is 14.4.

The number of cells can be modified at any time, guar-
anteeing a number of samples per cell of 1000/N, in which N
represents the number of cells and 1000 the frequency in
Hz. In this way, in the case of, for example, a single cell
stack, the number of samples per second can reach 1000,
enough to perform very fast dynamic studies such as cur-
rent interruption.

Control and communications subsystem. In order to keep the
system robustness, easy-to-use and low-cost solution, an
open hardware Arduino Nano board [79] is used (which can be
replaced by another similar, according to needs of the final
application) as microcontroller to manage communications
and switching. The use of this type of open source platform
allows the immediate replacement due to any failure, and
even the reprogrammingby the end-user in case of the need to
modify the sampling rate, to develop digital filtering interface,
or the need to modify the number of cells to be monitored.

In order to guarantee the safety of the control and acqui-
sition subsystem, the control interface used to manage the
multiplexing stage is performed through low-cost opto-cou-
plers, which allows the isolation of the high voltage circuitry
from the control zone.

Finally, the communications between the acquisition
hardware and the monitoring software is performed through a
USB port, allowing for the “plug and play” philosophy.

Power supply subsystem. The main power of the system is
obtained from the USB connection, since a current con-
sumption less than 300 mA is guaranteed and, therefore, the
use of external electronics is not necessary. In any case, there

is an extra input which permit an auxiliary source connection
to guarantee the power supply in case of one of the sensors is
replaced by other with higher consumption.

The acquisition and front-end subsystems are powered
through two converters with galvanic isolation, allowing the
electrical insulation previously guaranteed by opto-couplers
and the isolation amplifier.

Assembly on the stack

The developed CVM acquisition hardware has been designed
to guarantee an easy integration into commercial open-
cathode PEM fuel cell systems (see Fig. 2). Owing to the holes
in the cells’ cathodes, the connection pins of the CVM system
acquisition system can be inserted into them.

The coupling takes advantage of the physical geometry and
the assembly parts of the fuel cell stack to have a firm and
precise connection. For this purpose, a specially adapted PCB
coupling has been designed for this application.

In the same way, in order to guarantee a secure electrical
connection, special spring probes are used that ensure the
contact even with irregular cell surfaces. The connection is
made through an array of this type of probes as shown in
Fig. 2. In any case, wiring connection is also available.

Software development of the monitoring tool

The software tool has been developed under graphic pro-
gramming language through the LabVIEW software platform
[80] in parallel to the acquisition hardware, which allows
extracting its maximum performance.

The developed software is able to read immediately phys-
ical variables following the “plug and play” philosophy. No
pre-configuration is required and the reading is very fast and
intuitive.
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Fig. 2 — CVM acquisition hardware assembled on the fuel cell stack.
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Fig. 4 — CVM “All-in-One”. Software tool: example of real time plot interface.

The software tool developed allows for the cell voltage
monitoring in two different formats: the first, in form of a
bar graph (Fig. 3), allows the rapid verification of dis-
crepancies between cells’ voltages; and the second per-
mits the visualisation of the temporal history of each cell
as well as the current, power and temperature of the
stack (Fig. 4).

Moreover, the software tool has additional auxiliary func-
tions that help the user analyse the degradation and behav-
iour of the stack. These functions are listed below:

- Graphical information about the real operation point
display with respect to the theoretical or original V-I, P-I
curves. This information allows the user to detect the
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Fig. 5 — CVM “All-in-One”. Software tool: interface to compare real fuel cell operating point with respect to theoretical

polarisation and power curves.
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degradation of the fuel cell performance produced along
the useful lifetime of the stack as well as to determine what
kind of losses within the polarisation curve have been
accentuated (Fig. 5).

- Programmed alarms. The software tool allows defining
prefixed values of cell voltage, stack current and stack
temperature from which a warning is activated in the front
panel.

System operation

The sequence followed by the developed CVM system is pre-
sented in Fig. 6. Firstly, the system waits for a scan command
from the monitoring software and then it begins the initiali-
zation process, where all the measurements are updated.
Next, the scan process begins and creates an internal loop in
order to measure all the cells’ voltages and the temperature
and current sensors. This internal loop will increase an
auxiliary variable, x, which corresponds with the number of
the cell to be measured.

This process will finish when the auxiliary variable, x, gets
toN, i.e.,, the number of cells that makes up the stack.

Finally, the microprocessor sends the information to the
monitoring software through the USB communication inter-
face. The monitoring software will read, upload and plot the
new measures and will save then in an.txt file. In the same
way, the warnings subroutine will check all the cells’ voltages
and will generate the consequent message to the user ac-
cording to predefined alarm limits. The monitoring software
operation flowchart is shown in Fig. 7.

Empirical error calculation

To determine the overall empirical error, a test was performed
with a high accuracy voltage reference circuit that generates a
1 V-reference signal. To ensure consistent results, 150 sam-
ples of each channel have been used and a statistical analysis
was carried out.

The test consisted in comparing the measures obtained by
each channel from the proposed acquisition hardware and the
reference voltage generated by a 14 bits resolution-DAC inte-
grated circuit to obtain the values of precision and accuracy of
the proposed CVM system. The 1 V-reference signal was
measured with a calibrated high accuracy acquisition hard-
ware ARBIN LBT21084, guaranteeing 0.5 mV accuracy. Before
carrying out the test, the entire system was calibrated.

As a measure of accuracy, the mean deviation between
both signals has been used and is shown in Fig. 8. In this case,
the measurement error of the reference is considered negli-
gible. According to the statistical results, the mean deviation
of all channels is always lower or equal to 1 mV; thus, we may
conclude that the overall accuracy of the system s better than
the maximum mean deviation of 1 mV.

To know the precision of the developed CVM system, the
standard deviation of the measures has been used and it is
shown in Fig. 9. To identify the differences, we assumed that
the measurement error is distributed normally; hence, the
maximum precision error (with 99.7% of certainty) will be
included in the range of [u-36, n+30], where u represents the

mean, and o the standard deviation. Taking into account this
statistical ground, the maximum error is defined by 30, being
in this case lower than 4 mV.

According to the experimental results, the maximum error
of the system can be assumed lower than 5 mV, equivalent to
an error rate of 0.5% for 1 V-signal. This error rate is under the
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Fig. 6 — CVM acquisition hardware: operation flowchart.
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recommended limits to perform degradation analysis and,
therefore, the good accuracy of the proposed CVM system is
demonstrated.

Validation test. Experimental results and
discussion

With the aim of validating the developed data acquisition
system and monitoring software, the CVM “All-in-One™ has
been subjected to different experimental tests. The
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experimentation has been carried out at the Hydrogen
Research Laboratory of the University of Huelva (Spain).

The first test demonstrates the effectiveness of the acqui-
sition hardware over short and long operation time and
different load profiles.

Fig. 10 illustrates the laboratory setup. The monitored air-
cooled PEFC is built with a 80-cells stack from Ballard [81],
and it achieves up to 3 kW of nominal power. In order to
validate the experimental trial, authors tested a damaged
stack from which itis impossible to obtain a net power greater
than 1.5 kW in the current state.

1 3 5 7 9 1113151719 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

CELL NUMBER

Fig. 9 — Precision measurement of the developed CVM.
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Fig. 10 — Laboratory setup for experimental tests.

Other auxiliary devices are used to carry out the experi-
mental test. A Fluke 177 multimeter is used to validate the
measurements as well as a programmable DC electronic load
to configure the load profile to be applied to the fuel cell.

The test performed was reproduced for 17 min and consists
of a progressive increase of the load profile in such a way that
slight differences in temperature and cell operating voltages
can be appreciated. For this, a conditioning stage was previ-
ously carried out on the fuel cell until it reached the nominal
operating temperature conditions. The stop condition of the
test was given in case the cell voltage was below 150 mV to
avoid inverse polarisations and irreversible damage.

According to the experimental results, the stack voltage
decreased while the load current demand was increasing
(Fig. 11). This experimental response can be compared with
theoretical V-I and P-I curves provided by fuel cell manufac-
turer (Fig. 12). In spite of being an expected response, it is
appreciated that there is a variation with respect to the
theoretical polarisation curve, which denotes an associated
degradation. Due to the losses appear early, at low current
values and they continue along the polarisation curve (the
distance from the real polarisation curve to the theoretical
curve is practically the same along all the operatingrange), the
activation losses, those that mainly affect the stack

80

degradation versus the ohmic or concentration losses, are
deduced for this case. Nevertheless, a slight progressive in-
crease in the losses is appreciated; the distance from the real
to the theoretical curve somewhat rises while the load current
is moving upwards. Let us observe the individual cell voltage
to explain this issue.

Taking into account the individual cell voltages (Figs. 13
and 14), there is an excessive difference between cell voltage
for cells from 6 to 24 and, particularly, cell 18 is deeply
damaged when compared to the rest of the cells in the stack.
This voltage drop increases exponentially while the load
current rises, which indicates a high deterioration or mal-
function reducing the performance of the whole stack, as it is
shown in Fig. 12.

In view of the foregoing, it can be deduced that the
degradation of the stack is not uniform, demonstrating that
the cells of medium-high position (cells > cell #25) have a good
behaviour along all the test, while those of lower position
(cells < cell #25) have suffered a substantial voltage degrada-
tion. In principle the possible causes are unknown, although
they can be attributed in a first instance to problems in the
management of hydrogen (leaks caused by a bad seal), or a
high deterioration of the electro-catalytic layer, which would
denote the above-mentioned increase of activation losses.
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Fig. 11 — Stack voltage and current response during the experimental test.
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Fig. 12 — V-I (continuous line) and P-I (dotted line) curves for theoretical (blue) and real (orange) state of the fuel cell. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 13 — Individual cell voltage at high current (t = 1000 s).

From the thermal point of view (Fig. 15), no huge changes difference between real and recommended operating tem-
can be observed between the real stack operating temperature perature was recognised. This is due to the initial operating
and the optimum operating temperature recommended by condition. In the case of the experimental test, the warmed
the manufacturer. Only at the beginning of the test, the environmental conditions justified the initial stack
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Fig. 14 — Cell voltageO time evolution during the performance test.
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temperature. But, fortunately, owing to the proper thermal
management of the cooling system, the real stack tempera-
ture was adjusted with the aim of following the optimum
value. For this reason, deterioration problems due to thermal
malfunction or excessive humidity can be discarded.

From the point of view of the acquisition system and
control software, the accuracy of the developed CVM system
can be affirmed, together with the ability to monitor current
and operating temperature have enabled the evaluation of the
fuel cell degradation in the first instance. Additionally, the
CVM system favours the detection, visualisation and quanti-
fication of the losses associated at each cell and, conse-
quently, of the whole stack.

Conclusions

One of the most important drawbacks of the fuel cells is their
short lifetime due to their susceptibility to different electro-
chemical processes that lead to irreversible degradation. This
problem provokes a reduced use of fuel cells outside the
scope of research laboratories. In order to increase the
competitiveness of the fuel cells, it is necessary to mitigate
the degradation process that they can suffered. To this end,
the use of degradation analysis is necessary to detect the
relationship between degradation causes and the effect over
the fuel cell. The most extended solution is the analysis of
the polarisation curve, and it implies the monitoring of
certain parameters during the normal operation, mainly
voltage (on the entire stack and on each cell), and the stack
current and temperature. Therefore, the use of a CVM sys-
tem looks like as crucial support to improve the fuel cell
lifetime.

In this sense, both commercial and patented CVM solu-
tions available in the scientific literature or in the market are
usually expensive and in some cases inaccurate to develop
degradation tests. In addition, the majority of these solutions
only are able to measure voltage values without including
stack current and temperature information, and its coupling
to the stack requires tedious connection procedures. For this
reason, it is necessary to develop new CVM system that fa-
cilitates its use and the acquisition process.

In this work, the design, development and experimental
testing of a new low-cost CVM system is expounded. This
system, CVM “All-in-One” more than meets the recom-
mended requirements to perform degradation analysis on the
fuel cell. Additionally, it has proved an accurate and secure
operation under laboratory conditions. In addition to above,
the easy coupling to the stack, its low-cost, extended software
functions and the “plug and play” philosophy, makes the
proposed system a powerful and intuitive tool to help re-
searchers and industry technicians to advance in new
research lines, such as analysis and detection of new degra-
dation causes, define accurate electrochemical models, etc.

As a forthcoming work, the integration of new parameters
such as hydrogen pressure, fan speed, cell temperature, etc.,
will be carried out. In the same way, output channels will be
included to act over common actuators such as fan or
hydrogen valves. The software will also be updated to include
control functions and, thus, to provide the system with all the
degrees of freedom to perform any test for fuel cells.
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ABSTRACT

When a microgrid includes control and management smart technology, it becomes a smart microgrid. The
term smart means that the microgrid has a control system with its own energy management system (EMS)
that is able to meet with the demand requirements, to increase the lifetime of the devices, to reduce operating
costs and to maximize the microgrid efficiency. But, the increasing complexity of microgrids due to the many
different renewable sources involved and the minimum quality and competitiveness restrictions, it requires
to have accuracy and practical models (useful for both simulation and control) that reflects as well as possible
the real performing of the microgrid. This paper develops a general space-state model that allows modelling
the performance of a complete renewable sources-based microgrid with hydrogen as backup throughout all
its operating range. This approach guarantees a better approximation with respect to those models mostly
used in the scientific literature because those one are linearized systems around a single operating point.
Additionally, apart from describing electrical performance for each device that makes up the microgrid, the
proposed modelling formulation also includes technical and economical parameters as operating efficiency,
degradation, losses and costs needed for the microgrid optimization. The paper includes experimental results
that show the quality and excellent performance of the developed model. This can be an excellent starting
point for develop accuracy simulation tools as well as energy management controllers to be used in renewable
sources-based microgrids with hydrogen as backup.

INDEX TERMS Energy management system, State-space model, renewable sources-based smart
microgrids, hydrogen backup systems.

LIST OF ACRONYMS . INTRODUCTION
Microgrid are closely linked to the use of renewable energy
BoP: Balance of plant sources [1]. Despite the benefits of these systems, their
EMS: Energy management system dependence on environmental resources does not guarantee a
HL: Hydrogep level zero net power balance at any time. To solve this problem,
LTL: Linear time invariant hybridization is presented as a viable technical and economic

LTV: Linear time variant

MPPT: Maximum power point tracking

O&M: Operation and maintenance

PEM: Proton exchange membrane

SCADA: Supervisory control and data
acquisition

SOC: State of charge

energy vector is a promising solution [3][4].
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solution [2]. For this purpose, the use of energy storage
systems, which allows absorbing the excess energy and
supplies energy when the renewable resource is insufficient, is
necessary. In this sense, the utilization of hydrogen as an
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Most renewable microgrids with hydrogen as backup have an
underlying structure similar to that shown in Fig. 1.
Renewable generation is usually represented by traditional
sources based on solar panels or wind turbines [2][5][6];
although there are other applications based on biomass [7],
tidal energy [8], etc. Considering the energy storage system,
regardless of the use of power converters and the nature of the
internal bus (DC or AC), a battery bank is normally designed
to absorb the transients in the power balance and, therefore,
represents the short-term storage system [2][5]. In contrast, the
hydrogen-based storage system usually faces more stable
power imbalances and, consequently, acts as a long-term
storage system [2][9]. Depending on the application, the
hydrogen generation system can be represented by the use of
an electrolyser (usually alkaline or proton-exchange
membrane (PEM) apropos the available technology) as the
first option [2], or by replacing a reforming process [10], or by
decomposing matter through bacteria [11], etc.

With the increasing complexity of microgrids due to the many
different renewable sources involved and the required quality
and competitiveness constraints, it is inevitable to incorporate
a certain degree of intelligence in the micro network through
an energy management system (EMS), Fig. 1, which must
ensure that all critical parameters of the micro network (both
from the user's point of view and from the elements of the
microgrid) be satisfied at all time. This lead the microgrid to a
smart microgrid.

Weather Load
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FIGURE. 1. Typical architecture and power balance of a renewable
sources-based microgrid with hydrogen as backup.

Regardless of the system sizing or technology used, the main
target of a hybrid renewable energy microgrid must be
meeting the load demand at all times; however, secondary
objectives such as the technical and economic viability must
be also taken into account to allow the hybrid renewable
energy microgrid being really competitive with conventional
sources-based grid [12]. These technical and economic
objectives can be thus included in any of the following
categories: minimization of the operation costs, maximization
of useful lifetime of the equipment or minimization of
operational losses. The optimization parameters related to
above-cited objectives are identified by each application,
optimization horizon (short- or long-term), system topology
and nature of the devices.
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Regarding the technical objectives, to guarantee an efficient
and safe use of batteries, it is necessary to impose certain
restrictions regarding the battery charging and discharging
processes [3][13][14] by implementing a charging protocol
based on voltage control to avoid excessive degradation, to
guarantee maximum energy use in terms of efficiency
[13][15][16], to limit the maximum depth of discharge, or
increase the useful lifetime of the batteries [17][18].

In this sense, it is also necessary to analyse the use of the
hydrogen-based energy systems. In the case of the
electrolyser, the degradation is associated with its use, and it
is directly related with the power and the operating time
[19][20]. Considering the operating efficiency, its value will
depend directly on the temperature conditions, and inversely
with the operating voltage and power [21].

The operating conditions of the fuel cell determine its useful
lifetime [22]-[24]. Thus, avoiding problems associated with
thermal management or the balance of plant (BoP), the main
causes of operational degradation are given by the cycling,
operating time at high voltages-low currents, due to carbon
corrosion process [25][26], and the lack of reactants caused by
sudden changes in the load demand due to the fuel starvation
phenomenon [27][28]. The value of the fuel cell efficiency
directly depends on the operating voltage; the higher the
operating voltages, the higher efficiency [29]. Coming to
terms, there is a split-up between selecting an efficient
operating point or considering a conservative use of the fuel
cell [9].

Finally, taking into account the economic optimization of the
microgrid, it is necessary to consider the depreciation,
operation and maintenance (O&M) costs of each of its
elements, as well as to regard the price of buy/sale energy
from/to the external electrical grid (see Fig.s 1), with the
objective of maximizing the economic benefit based on the
integration of the microgrid into the intraday electricity market
[30].

In view of the foregoing, there is a high quantity of parameters
and factors that should be considered in the microgrid
operation, which will largely determine its behaviour. In order
to optimize the microgrid response, it is necessary to design
and develop control algorithms that implement an EMS that
permits, on the one hand, to guarantee the demand at all times
and, on the other, to optimize the response of the microgrid
according to the studied technical and economic parameters
[31[31]-33]. But as important as the above, is the fact that it
would be very useful to carry out precise simulations to verify
the operation of the microgrid under different conditions.
When managing tens or hundreds of kilowatts, it is not
advisable to make decisions or even perform operations
without knowing the expected results. Therefore, for the best
simulation of the microgrid and to help design of appropriate
EMS, it is pivotal to have the best possible microgrid model.
This explains the objective of this article: to develop a good
microgrid model that, taking into account all the parameters
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(technical and economic) explained above, allows precision
simulations and the design of appropriate EMS systems.
Then, regarding microgrid modelling process, most of the
solutions presented in the scientific literature, carry out an
extensive and complex formulation, particularly for the
technology and configuration of the devices that make up the
microgrid, which greatly hinders its use, generalization and
extrapolation to other cases [34][35]. Thus, the models used
are oriented to the calculation of the main electrical and
physical-chemical parameters of the device, typically oriented
to the design of the local controllers instead of EMS. In many
cases, the calculation of the main parameters of these models
is not a trivial task, and therefore the use of simplifications or
assumptions that may have impact on the quality of the model
are applied [34][1]. Examples of these complex models are the
model based on One/Two-diode for solar cells [34][36]-[39];
or the most extended electrolyser and fuel cell models, based
on voltage losses due to physical-chemical parameters,
defined by operating conditions such as partial reagent
pressures, operating temperature, membrane electrical
conductivity, stoichiometry, etc. [34][35][39]-[43].
Considering the inclusion in the model of technical and
economic parameters of the microgrid, it is possible to find in
the scientific literature different solutions, which are described
below.

1. Based on the calculation of the devices depreciation and
their associated cost, the widespread solution are based on
expressions that are independent of the operating power,
especially in the case of electrolyser and fuel cell, being a
function only of the operating time of the device to be
modelled [5][42], [44]-[46], or including certain operating
conditions, such as number of start and stop cycles [30][47].
This leads to a simplification of the problem, because although
fixed costs associated with the use of these systems can be
determined, there are other variable costs depending on the
operating regime, associated with depreciation, cooling needs,
water consumption, etc.

2. Regarding the calculation of the operating efficiency of the
devices, although in the case of electrolyser and fuel cell the
formulation to calculate the operating efficiency is perfectly
defined, there is no expressions that allow modelling the
efficiency of battery operation, essential for the correct
estimation of the battery state of charge depending on voltage,
temperature, and charging current [34] [41][47]-{49].

Then, the modelling of the optimization parameters is based
on multiple simplifications, particularized in each model and
for each application, and therefore they move away from the
real performance of the devices and they lack the required
generality.

Finally, according to the type of model proposed, due to the
complexity associated with the use of non-linear models, the
widely adopted solution is the use of Linear Time Invariant
(LTT) models calculated from the linearization around a single
working point [30][50]-[54], which negatively affects the
quality of the model and the results derived from its use
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[55][56], since in a real microgrid the operating range is very
wide.

Therefore, attending to the previous considerations, the
objective of this paper is to propose a generalized
mathematical model of a renewable sources-based microgrid
that allows, independently of the topology and equipment
technology used, to determine the technical and economic
parameters associated with its operation based on the
operating point of each of its elements. The proposed
formulation is based on an extended Linear Time Variant
(LTV) model, calculated from a recursive linearization
process, which allows to faithfully model the system
behaviour throughout its entire operating range. The proposed
model will allow, on the one hand, to quantify the performance
of the system associated exclusively with the energy
management strategy used, as well as serve as a knowledge
base for the design and analysis of model-based controllers.
The paper organization is as follows: Section II presents the
materials used in this research, which is essentially a real
renewable sources-based microgrid with hydrogen as backup.
Section IIT presents the developed methodology to obtain the
general space-state model of the microgrid. Section IV deals
with the real experimental tests carried out to validate the
model accuracy and to demonstrate its application. The model
performance discussion is contained in section IV and, finally,
Section V presents the main conclusions obtained from the
developed work.

Il. MATERIALS

With the objective of being able to validate the proposed
model, and without loss of any generality, all the experimental
tests have been carried out on the resources available in the
research laboratory, in accordance with the general scheme of
the micro grid under study, proposed in Fig. 1.

In the following sections the equipment used for the
identification process and experimental validation will be
described in more detail.

2.1-BATTERY BANK

For the validation of the proposed model, an AGM lead-acid
technology battery bank is available. The battery bank is made
up of a total of 30 units of 12 VDC and 100 Ah batteries in a
serial configuration (Fig. 2), providing a nominal voltage of
360 VDC and a storage capacity of 36 kWh.

With the objective of supervising the operation during the
charging and discharging processes, a local acquisition system
is available, which allows the monitoring of the main system
variables (battery voltage, battery cumrent and battery
temperature), in such a way that it is allowed to ensure that the
operating parameters are within the safety ranges established
by the manufacturer.

Finally, the battery bank has all the necessary electrical
protections to guarantee safety in its operation.
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FIGURE. 2. Detail of the Lead-acid battery bank.

2.2- Hydrogen-based systems

According to the general model of the micro grid presented in
Fig. 1, a hydrogen generation system is necessary, which
allows the excess energy to be stored in the form of hydrogen
for its subsequent conversion to electrical energy.

In this case, an alkaline technology electrolyzer of 2 Nm3/h is
available (Fig. 3). The electrolyser has all the Balance of Plant
(BoP), sensors, actuators and auxiliary equipment necessary
for the correct management of the system, so that the operation
of the electrolyser is carried out within the conditions defined
by the manufacturer and based on the established power
setpoint.

In response to the power stage for the electrolysis process, a
rectifier stage is available in the first instance, which allows
the stack to be fed from a three-phase AC outlet or from a
regulated DC voltage. Subsequently, a DC/DC buck converter
implements a control based on the current supplied to the
stack, in such a way that it guarantees the working power of
the electrolyser, while monitoring that the operating voltage is
within the established limits by the manufacturer.

Finally, the electrolyser has a PLC from the manufacturer
ABB® which acts as an acquisition and control system,
allowing the reading and storage of the main operating
parameters of the electrolyser, necessary for the validation of
the proposed model.
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FIGURE. 3. Detail of the Alkaline electrolyser (a and b); Power
electronics and control cabinet (c).

In accordance with the configuration presented in Fig. 1, and
as a core of the hydrogen-based storage system, a 3.4 kW PEM
technology fuel cell is available (Fig. 4a). In order to guarantee
the operating conditions, in terms of supply pressure,
operating temperature, cooling/oxidant flow rate, etc; as well
as regulating the working point of the fuel cell, control
electronics and power converters specially designed for the
application are available, Fig. 4b and Fig. 4c respectively.
Attending to the operation variables of the fuel cell, the stack
temperature monitoring is carried out through an NTC type
surface temperature sensor integrated in the fuel cell itself. To
guarantee the supply pressure and measure the supplied
hydrogen flow rate, an inlet pressure sensor, as well as a mass
flow meter is available respectively. The use of this sensor
allows the calculation of the hydrogen consumption, and
consequently the operating performance of the fuel cell.

In accordance with the thermal control of the system, a fan
with speed control is available. The use of this fan allows the
fuel cell to operate within the safe temperature operating
range, depending on the operating point, through the use of a
local controller. In the same way, the use of the fan guarantees
the minimum stoichiometric coefficient to produce the main
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reactions. Similarly, discrete control signals are available to
act on the different supply and purge solenoid valves, as well
as the electrical connection relay.

All the conditioning and signal processing electronics
described have been specifically designed for the application,
and are integrated into the control electronics presented in Fig.
4c.

Attending the conversion and power stage, in this particular
case, the designed power converter is based on a 3.4 kW Push-
Pull topology (Fig. 4b) and has all the necessary sensors to
measure the main electrical parameters of the fuel cell. The
internal control of the power converter allows to implement
operating modes based on working power, voltage or current
setpoints of the fuel cell, which allows in addition to its
integration in any system, the testing of the potentiostatic and
galvanostatic operating modes depending on the application.

FIGURE. 4. a) PEM fuel cell; b) DC-DC Push-Pull converter; c) BoP
controller.
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In order to store the hydrogen produced by the electrolyser,
and supply the fuel cell, it is available a 1 Nm3, 25 bar high
pressure tank (Fig. 5). This tank has all the valves and sensors
necessary for the monitoring of inlet pressure and hydrogen
flowrate in order to ensure proper use within the physical
limits determined by the manufacturer.

FIGURE. 5. Hydrogen high pressure tank.

2.3- Programmable power source and electronic load
With the objective to simulate any demand profile, and thus
allow the characterization of the different equipment, batteries
and fuel cell, a 10 kW programmable electronic DC load is
available (Fig. 6a). The programmable electronic load
incorporates its own data acquisition system and
communications via Ethernet, and therefore the measurements
of all the electrical parameters, voltage and current, necessary
for the models validation are available.

Finally, in order to validate the proposed battery model, a 15
kW DC programmable power supply is used (Fig. 6b), which
allows to implement any desired generation profile from an
imposed power, current or voltage setpoint. Similarly to the
programmable electronic load, the programmable power
supply has its own data acquisition system and
communications via Ethernet, and therefore current and
voltage measurements necessary for the validation of the
battery charging model are available.

T7TERTS,

FIGURE. 6. a) DC programmable electronic load; b) DC programmable
power supply.
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The system main parameters and system configuration are
shown in Table 1.

TABLEI
SYSTEM PARAMETERS
Component Parameter Value Manufacturer
Rated capacity
100 Al
(C) !
Lead acid Battery Battery voltage 12V U-Power®
bank Number of
batteries (series 30
configuration)
: o 5 1 Nm’,
High Pressure tank  Rated capacity 35 bar Lapesa®
Rated power 10 kW
Alkaline Hydrogen 2 .
electrolyser production rate Nm3/h ARIEMA®
Number of cells 28
Rated Power 34kW
PEM Fuel cell LARD:
Number of cells 80 BATL ®
DC Programmable )
power supply Rated Power 15kW  SORENSEN®
DC Progrmmmable ¢ ted power 10kW  AMREL®

lll. MICROGRID MODELLING. METHODOLOGICAL
FOUNDATION PROPOSAL

With the objective to simulate any demand profile, and thus
allow the characterization of the different equipment, batteries
and fuel cell, a 10 kW programmable electronic DC load is
available (Fig. 6a). The programmable electronic load
incorporates The modelling process has the objective to obtain
a mathematical model that represents the performance of a
renewable sources-based microgrid with hydrogen as backup
(similar to that of Figure 1) throughout its complete operating
range and includes all the parameters necessary to perform an
optimal energy management from a technical and economic
point of view. As the objective is not only to be able to obtain
an accurate model to simulate the network, but also to obtain
a model suitable for control, the model to be developed will be
a state-space model. That is, the usual model used in control
for both linear and non-linear multivariable systems. In this
case, to solve the problem associated with nonlinearities in the
modelling, a recursive linearization process will be used in
such a way that the non-linear terms will be calculated and
linearized in each sampling period, defining a linear time
variant (LTV) model.

In the following sections, the model of each device (battery
and hydrogen-based equipment since, as stated before,
regarding renewable generation devices, the only variable that
the model must take into account is the available renewable
power on the DC bus) that integrates the renewable sources-
based microgrid with hydrogen as backup will be depicted (see
Figure 1). Each model describes the electrical performance for
each element and also includes the technical (operating
efficiency, degradation, losses and useful lifetime) and
economical (costs) parameters needed for system performance
optimization. Additionally, due to the particular dynamics of
the application (renewable sources with slow response),
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relatively large sample time is allowed, in terms of tens of
seconds (even minutes), which facilitates the use of the
modelling process from static models with a small margin of
er10T.

Finally, without losing generality, the proposed model will be
validated (Section IV) on the experimental microgrid of our
University, described in Section II.

3.1- Equipment Modelling: Battery and hydrogen-based
systems

3.1.1- Battery performance modelling

In cases where a microgrid is supported by a battery bank,
Figure 1, it is necessary that the EMS integrates a battery
charging protocol with the aim of prolonging the battery’s
useful lifetime. For this purpose, a model of the battery bank
should be developed. The parameters to be into account for the
battery modelling are: battery voltage, battery efficiency and
battery state of charge.

3.1.1.1- Battery Voltage

There are different papers that present static models of battery
voltage, both for the charging and discharging processes.
These models are mainly based on resistive circuits in which
the polarization resistances are obtained from the mass
balance available in the electrodes, and they have different
relationships with respect to the current and the battery state
of charge [57], [58].

The best known and widely used models, due to their
simplicity and good approximation, are those presented by
Copetti [58] (specific for lead-acid batteries) and Tremblay
[57] (general model).

Copetti’s proposal is shown in equations (1) and (2):

Viatene, () = (2 + acSOC(K)) —

be
Cipae() [ 1+ (i) M
G|, 4 .

(1-sock))*

Viatgisen () = (2.085 — a4(1 - S0C(K)) ) —

_ipge(K) by By o
Cn(k) (1 + (ipae ()™ *Socaoea " fa)

Where:

Voatgsen (K): Battery voltage during the discharge at sampling
time k (V).

Vbatnar(K): Battery voltage during the charge at sampling time
k().

ac, g, .-9o ga. DBattery parameters
discharging model respectively.
SOC(k) : Battery state of charge at sampling time k.

ipqt (k): Battery current at sampling time k (A).

Cy(k): Nominal battery capacity at sampling time k (Ah).

for charging and
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Tremblay’s model is summarized in equations (3) and (4):

Voatgisen(K) = Eo — Ripge(k) —

K ( Cn(k) ) )
Cy(k) — Cy(k)(1— SOC(k)) ©)]
(Cu (1~ SOCE) + inge (1)) + Ae~Bioac:

Voatenar(K) = Eo + Ripae(k) —

_ K( Cn (k) )
Cn(k) — Cy(k)(1— SOC(K))

(eno(1- SOC(k))) + "
Cu () ,
K (Cn(k)(l - SOC(k)) — 0-1CN(k)) ipat(K) +

+Ae_3ibat(k)Ts

Where:

E,: Battery open circuit voltage (V).

R: Battery internal resistance (Q).

ipqe (k): Battery current at sampling time k (A).

K: Polarization constant (V/Ah).

Cy (k): Nominal battery capacity at sampling time k (Ah).
SOC(k): Battery state of charge at sampling time k.

A: Exponential zone amplitude (V).

B: Exponential zone time constant inverse (Ah™?).

The different coefficients of the models can be obtained
through an identification process from empirical tests for
different charging and discharging currents throughout the
operating range of the battery’s state of charge (SOC).
Regardless of the voltage model used, and based on the model
parameters obtained through the identification process, it can
be obtained a linearized model of the battery voltage, which
can be calculated by a recursive linearization process based on
the Taylor approximation method for the current operating
power. According to the dimensions of the model, the surfaces
obtained based on the recursive linearization process will be
defined by equation (5).

Voae () = £ (ibato (), S0Co () ) +

Of (ipat, SOC
4 f (ivat, )

- (ibac k) = ivaro(K)) +

that o (K).SOCo (k) ®)

f (ipat, SOC)

SOF (s0c(k) —S0Cy(K))

ibato(K).SO0Co (k)

Where:

Vyae (k): Battery voltage at sampling time k (V).

f (ipat, SOC): Non lineal battery model (Copetti or Tremblay)
SOC(k): Battery state of charge at sampling time k.

ipqt (k): Battery current at sampling time k (A).

ipqt o(k): Battery current at linearization point at sampling time
k(A).
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SOCy(k): Battery state of charge at linearization point at
sampling time k.

Assuming a minimum variation of the battery voltage
Vpat (k)with respect to the previous value at time k — 1, the
term of battery current can be replaced by a term dependent on
battery power, incorporating the voltage term in the parameter
associated with the battery cumrent resulting from the
linearization process, expressed in the general equation (6).

Voat (k) = SV(k) - SOC(K) + VP(k) - Ppe (k) + C(k) ()

Where:

Vyqe (k): Battery voltage at sampling time k (V).

SV (k): Coefficient associated to SOC term at sampling time k.
VP(k): Coefficient associated to battery power term at
sampling time k.

SOC(k): Battery state of charge at sampling time k.

P4t (k): Battery power at sampling time k (W).

C(k): Independent term result of the linearization process at
sampling time k.

In accordance with the Taylor approach, the terms SV (k),
VP (k) and C (k) can be calculated according to the expressions
(7), (8) and (10) respectively for each linearization point.

f (ipat, SOC)

V() =—350¢

@

ipato(K).SOCo(K)

1 0f(ipae,SOC)|

VPO =5 =D diver

®

|ibat°(k)-SOCo(k)

C(K) = £ (inato (), SOCo(0)) -

__lbatg(k)  9f (ipar, SOC)|
Vpar(k — 1) Oipat

|ibato(k),soco(k) C)

9f (ipat, SOC)

—S0Cy(k) - 350C

iparo (K).SOCo (K)

3.1.1.2.- Battery Efficiency
The battery efficiency is defined by the amount of energy
actually used by the battery to produce the main reactions,
which defines the chemistry of the charging and discharging
processes [59][60].

Focusing the problem for lead-acid batteries, the main
phenomena that affect the battery efficiency (1,4¢) are given
by the internal resistance due to the Joule Law as well as the
effect of secondary reactions, such as comosion and
electrolysis of the electrolyte during the charging process
[14][15][61]. Because Joule losses usually represents a very
low percentage with respect to the operating power of the
battery, the discharge efficiency is normally considered

unitary, (10).

NoatgisenK) ~ 1 (10)
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Where k is the sampling time.

During the charging process, the amount of current that the
battery is able to accept depends mainly on the number of
reactants available to produce the main reaction. In case the
battery SOC is low or medium, the battery has a large reserve
of material to produce the main reaction and, therefore, can
accept large amounts of charge. As the battery increases its
SOC, the amount of available active material is reduced and,
therefore, its ability to accept current decreases. If the battery
is forced to be charged at a higher current than can be accepted,
an accelerated increase in the battery voltage occurs, while
causing the increase in secondary reactions (mainly
electrolysis and corrosion) [15][60].

In view of the above, the charging current of the battery
(i,,atchar(k)) at sampling time k can be defined at all times by
a usable component to contribute to the main reaction, Iz (k),
and another component used in secondary or side reactions,
Ig (), (11):

ibatepay (k) = Iur (k) + Isg (k) (11)

The term related to side reactions can be approached to the
current consumed during the electrolysis process, also known
as gassing current, since the effect of the corrosion is
negligible with respect to it [14][60][62]. The cwrent
generated during the electrolysis process has an exponential
function with respect to the battery voltage and temperature
according to the Butler-Volmer equation [15][60], (12).

Isg(k) ~ Ig(k) =

12
-, 3 e(Kv(Vbarchar(k)—Vbato)+KT(Tbat(k)—Tbato)) (12)
(]

Where:

Ig(k): Current consumed during the electrolysis process
(Gassing current) at sampling time k (A).

I¢,: Exchange current (A).

Ky: Voltage coefficient (V-1).

Kp: Temperature coefficient (T-1).

Vhatonar(K): Battery voltage at sampling time k (V).

Vhat,: Reference battery voltage (V).

Tyt (k): Battery temperature at sampling time k (K).

Tyat,: Reference temperature (K).

The coefficients of the Butler-Volmer equation can be
obtained through experimental identification tests under
different charging voltage and temperature conditions.

From (12), a mathematical relationship of the battery
efficiency during the charge can be obtained as a function of
the charging current and, analogously, as a function of
charging voltage and battery charging power, (13).

inatypee () — e ()
ibatngy ()

13)

Nbatepe(K) =
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(Kv(Vsatnar®)-Voate ) +Rr{(Toae(K)Toazo))

Pyatenar(K)

S Viatenar(K) * 16, - €

According to equation (13), in order to estimate the charging
efficiency, it is necessary to know the actual battery voltage
and power values. If these parameters cannot be measured
directly in the system, they can be approximated from the
value obtained at the previous instance. The use of reduced
sampling period and the slow dynamics of the system will
allow a reduced error in the approach.

3.1.1.3.- Battery State of Charge Estimation

The battery’s state of charge (SOC) is determined from the
amount of charge available in the battery with respect to the
maximum charge storage capacity, i.e., its nominal capacity
[63][64], (14).

r/bat(t) tatt

SOC(t) = SOC(ty) + 0) ;.

ipat () dt (14)

‘Where:

SOC(t): Battery state of charge (%).

Npat(t): Overall battery efficiency (%).

Cy(t): Battery nominal capacity (Ah).

ipar(t) Battery charging/discharging current (A); loss
reactions included.

Equation (14) can be represented in terms of battery
instantaneous power, Pyq¢.

Noat(t) [ToFE Ppae(t)
Cv(® Jyy Viar(©

50C(t) = SOC(ty) + 15)

With the discretizing equation (15) according to the backward-
Euler method a linear model can be used to determine the
instantaneous charging/discharging power, (16).

SOC(k +1) = SOC(k) +

Ppae (k) - Npar (k) "3—61_0%7'5 (16)
Cy (k) - Vyge (k)
- SOC(k + 1) = SOC(k) + Ppge(k) - S, (k)

Where:

SOC(k + 1): Battery SOC at sampling time k +1 (%).

SOC(k): Battery SOC at sampling time k (%).

P,q:(k): Battery power at sampling time k (W).

Vpae (k): Battery voltage at sampling time k (V).

Cy(k): Nominal battery capacity at sampling time k (Ah).

T,: Sampling period (5).

S, (k): All the terms that multiply Py, (k), (%/W).

In order to define the parameter S;(k), it is necessary to have
the existing values of operating efficiency, nominal capacity
and battery voltage. Due to the normally slow dynamics of the
batteries SOC, these parameters can be approximated from the
value calculated at the previous sampling. In any case, the

9



Chapter 4. Results & Methods

IEEE Access

Mubidisciplinary § Rapi Review | Open Awsss Surnsd

error of this approach can be minimized by reducing the
sampling period.

3.1.2- Modelling of the Hydrogen-based Storage
Systems

In cases where a microgrid integrates hydrogen-based storage
systems, Figure 1, it is necessary that the EMS controls the
hydrogen level, hydrogen generation/consumption ratio and
operating efficiency. Only in this way hydrogen availability
will be guaranteed at any time as well as better system
efficiency.

3.1.2.1.- Estimation of the Hydrogen Level

The hydrogen level (HL) available will be given by the mass
balance associated with the generation and consumption of
hydrogen by the electrolyser and fuel cell respectively, (17).

HL(t) = HL(ty) +

tott 17
+ ft (Pels(t)rels(t) = Pre(O)15¢ (t)) dt @

o

Where:

HL(t): Hydrogen storage level (Nm3).

P, (t): Electrolyser power (W).

s (t): Hydrogen generation ratio associated to electrolyser
production (Nm3/h).

P (t): Fuel cell power (W).

77c(t): Hydrogen consumption ratio associated to fuel cell
(Nm3/h).

Discretizing the equation according to the Backward-Euler
method, a linear model with respect to the electrolyser and fuel
cell power can be determined, equation (18).

HL(k + 1) = HL(k) +
1h (18)

i (Pezs(k)-reb(k) i Pfc(k)'rfC(k)) 3600 STS

3.1.2.2.- Hydrogen generation/consumption ratio
To  determine the value of the  hydrogen
generation/consumption ratio according to the electrolyser and
fuel cell operation point, the Faraday Law is used [21][65],
(19).
nyp (k) - My,

PH2
iels,fc(k) g Ncell(els.fc) *Mpy2 L (19)

z-F-pyy

4.17 X 10 %115, 2 (k) - Neent(ets, re)

Teis (), ch(k) =

Where:

nj2 (k): Hydrogen production/consumption ratio (Nm3/h).
My Molecular hydrogen molar mass (2.02 g/mol).

pu2: Molecular hydrogen gas density (0.0899 Kg/Nm3).
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ies,rc(k): Current consumed/provided by the electrolyser (els)
/fuel cell (fc) at sampling time k (A).

Neetets,re): Number of cells of the electrolyser or fuel cell
stack.

z: Number of electrons involved in the reduction-oxidation
reaction (z =2).

F: Faraday constant (26.81 Ah/eq).

From the previous expression, the parameter for hydrogen
consumption/generation based on the operating current of
each hydrogen device can be determined. Once the working
voltage is known, this ratio can be easily related with the
operating power, (20) and (21) respectively for electrolyser
and fuel cell.

P, (k) 1h
k) = 417 X 1074252 = o
Ters (k) Voo () celi(els) 36005 S 0)
= Tgs(k) = Pos(k) -1(k)
Where:

11s(k): Hydrogen generation ratio associated to electrolyser at
sampling time k (Nm3/h).

17.(k): Hydrogen consumption ratio associated fuel cell at
sampling time k (Nm3/h).

V.. (k): Electrolyser operating voltage at sampling time k (V).
P,;5(k): Electrolyser operating power at sampling time k (W).
T,: Sampling period (5).

1, (k): All the terms that multiply P, (k), (Nm3/Wh).

Fre®) lh
Vee(l) 10936005 @1

= 17c(k) = Pre(k) - 15(k)

17c(k) =417 x 1074

Where:

17.(k): Hydrogen consumption ratio associated to fuel cell at
sampling time k.

Vyc(k): Fuel cell voltage at sampling time k (V).

Prc(k): Fuel cell operating power at sampling time k (W).

T,: Sampling period (5).

15(k): All the terms that multiply Py.(k), (Nm3/Wh).

Ifthe values of the electrolyser and fuel cell operating voltages
cannot be obtained through direct measurement, each power
value can be estimated from their polarization curve. This
approach, despite being a static model, allows for an
acceptable result because the normally slow dynamics of the
hydrogen devices permits sampling period of tens of seconds
(even more) without negatively affecting the performance of
the system.

3.1.2.3.- Hydrogen-based systems: Operating Efficiency
In case of the electrolyser, the operating efficiency, 7., is
defined by the quotient between the chemical power
associated with the produced hydrogen, Py, , and the electrical
power consumed, P,, [21][29]. Therefore, at sampling time k
(22) is obtained.
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Py, (k) 1o (OLHV

e (22)
Pels(k) Pels(k)

Nets (k) =

Where LHV is the hydrogen lower heating value (2993
Wh/Nm3)

Equation (17) verifies that electrolyser efficiency, 7., is
inversely proportional to its operating voltage [21][65], which
can be easily shown in (23).

Py, (k)
Pels(k)
Poys(k
750 N LHV

Pgs (k)

Keis
= Ners (k) =m
els

Nets k) =

4.17 x 1074

23)

Where K, (V) represents the result of operating with all terms
that multiply V,;s(k).

In the case of the fuel cell, its efficiency, 7., is defined by the
quotient between the generated electric power, Py, and the
chemical power associated with the hydrogen consumed, Py,
[29]. Again, at sampling time k (24) is obtained.

Pfc (k) Pfc(k)

P, () 17 GOLHAV @9

rlfc(k) .

Equation (24) verifies that, unlike the case of the electrolyser,
the efficiency of the fuel cell is directly proportional to its
operating voltage (25).

Pfc(k) Pfc(k)
H. 2 i
2 417 X 1074 N, LVH
Vj’c(k) cell(fc) (25)
Vrc(k)

- npc(k) = Kf
c

Where K, (V) represents the result of operating with all terms
that multiply V. (k).

3.2.- Technical and Economic Parameters Modelling:
Life Time, Operating Costs and Losses

The lifetime, operating costs and losses included in the model
will take into account the degradation of the smart grid
elements, costs (differentiating operating and maintenance
costs from depreciation costs) and losses; all this, obviously,
under the consideration to meet with the power balance.
Considering the huge difference between the lifetime of
photovoltaic panels (25 years or more) and wind turbines
(similar to photovoltaic panels) as well as their operating costs
with respect to batteries and hydrogen system, the model only
considers these last two. Regarding the losses, the referred to
photovoltaic panels and wind turbines are well-known and
they are ignored because there is no point to carry out any
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control over them, i.e., it is assumed the power available at the
DC/AC bus after losses (B, in Figure 1). In fact, the
modelling process considers that while there are renewable
resources, photovoltaic panels and wind turbines are
delivering all the available power to the renewable microgrid.
The EMS controls the power balance in the microgrid and, in
case batteries fully charged and hydrogen tanks at its
maximum level,there is an energy surplus, and it is spilt to
the grid.

3.2.1.- Life time and degradation

3.2.1.1- Battery Degradation

As a general rule, manufacturers provide experimental curves
that relate the loss of nominal capacity to the number of
operating cycles under certain conditions of maximum depth
of discharge (DOD) [15][66][67]. This kind of approximations
can differ quite a bit from the real value owing to the
parameters associated with the use of the battery during
charging and discharging processes such as partial charges,
current and charge voltage, and operating temperature, which
are not always similar to those used during the test conditions.
Nevertheless, it can be a good starting point for an
approximate model [15][66][67].

In this case, a linear model of capacity degradation is
proposed, which is based on the curves for an expected
average DOD. The equation is conceived from a relationship
defined by the expected amount of energy cycled for the
number of expected operating cycles and the maximum loss
of capacity, lossyqt,,.» (26), which determines the end of the
useful lifespan.

10SSpat g,
a= —f S0C (26)
Where:

«: Battery degradation ratio (Ah).

10SSpqt,,,.- Battery maximum loss of capacity (Ah).

From the battery degradation ratio, the nominal capacity
losses, Cy, can be established from the cycled energy in terms
of variations of the battery SOC (27).

Cy(k) = Cy(k—1) - a(SOC(k) — SOC(k — 1)) 27

In general, the battery degradation can be calculated from the
expected capacity losses and the cycled energy, obtaining the
linear degradation model given in (28). A model similar to the
one presented is used in [68].

1h
36005 Tvat (k) - Ts

Doae(e+ D =Foar0-a-" oo v @@ ©9)

= Pyqt (k) - D1 (k)

Where:
Dypq: (k): Battery degradation at sampling time k + 1 (Ah).
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Pyq:(k): Battery power at sampling time k (W).

Npat (k): Overall battery efficiency at sampling time k.
Ts: Sampling period (5).

Cy (k): Nominal battery capacity at sampling time k (Ah).
Vbat (k): Battery voltage at sampling time k (V).

D (k): All the terms that multiply Pyqe (k), (V/h).

3.2.1.2.- Electrolyser Degradation

In case of the electrolyser, it is very common to associate the
degradation with the number of working hours. For simplicity,
it has been assumed that the electrolyser degradation, in terms
of operating power (in number of operating hours), can follow
a linear relationship with respect to the rated power [19][20],
(29). This approximation considers that the degradation of the
electrolyser, D, is proportional to the operating regime.

1 1h
Dys(k+1)=Pye(k) - — ——T; =
els( ) els( ) PelsN 3600 s s (29)

= Pps(k) - Dy (k)

Where:

D5 (k + 1): Electrolyser degradation at sampling time k + 1
(h).

P,,(k): Electrolyser operating power at sampling time k (W).
P,s,,: Nominal electrolyser power (W).

T,: Sampling period (5).

D, (k): All the terms that multiply P.;(k), (W/W).

3.2.1.3.- Fuel Cell Degradation

In the case of the fuel cell, it is very common to relate the
degradation with the number of operating cycles or working
hours. This approach can be very far from reality because the
operating conditions of the fuel cell strongly influence its
lifetime [22]. For this reason, it has been decided to quantify
the degradation as voltage drop of a fuel cell with respect to
the nominal operating voltage. For this type of assumption,
manufacturers provide experimentally calculated parameters,
which quantify the voltage drop of one cell based on the
number of hours and operation cycles under nominal operating
conditions [69]. For simplicity, the two terms have been
considered in a single parameter that relates the voltage drop
with respect to the operating time, assuming linearity between
this parameter regarding the fuel cell nominal power (30).

Dpe(k+1) =P, (k)%ir —
(o - (2 s
Pch 3600s (30)

= Py (k) - D5 (k)
Where:

Dy (k + 1): Fuel cell degradation at sampling time k + 1 (V).
Pr(k): Fuel cell operating power at sampling time k (W).
AVf¢,ime: Fuel cell voltage drop considering the operation hours
and cycles (V/h).

Py .- Nominal fuel cell power at sampling time k (W).
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Ts: Sampling period (5).
D3(k): All the terms that multiply Pr.(k), (WA).

3.2.2- System Operating Costs

In a microgrid based on Figure 1, the system’s operating costs
will be given by the addition of the individual operating costs
of the battery, the fuel cell and the electrolyser, while
neglecting, for being comparatively much smaller and as
already discussed, the operating costs related to photovoltaic
panels and wind turbines. In the case of grid-connected
topology, the costs associated with the exchange of energy
between the electrical grid and the renewable generation must
also be taken into account.

Considering battery and hydrogen-based elements, the
operating cost of each will be defined by two power variable
terms associated to firstly, the operation and maintenance
costs and, secondly, the depreciation cost [46][70]. The latter
will be defined according to the equipment acquisition cost,
the degradation associated with the operating power and the
useful lifetime determined by the maximum expected
degradation, (31).

Ce(k+1) = R(k)

lossx(k)) 1h G

(C"&Mr’LC "36005 °

X
° loss,

Where:

C,(k + 1): Total operating cost of the element x (battery: bat;
electrolyser: els, and fuel cell: fc) at sampling time k + 1 (€).
P.(k): Operating power of the element x at sampling time k
(W).

Coga,: Operation and maintenance cost of the element x at
sampling time k (€/Wh).

C,: Depreciation cost of the element x at sampling time k (€).
lossy,(k): Losses of the element x associated with its operating
power (units according to element).

lossy, ... Maximum expected losses of the element x (units
according to element).

T,: Sampling period (s).

Particularizing for each element, the linear models that relate
the operating cost of the battery, electrolyser and fuel cell with
its operation power are settled in the following subsections.

3.2.2.1- Battery Operating Cost

As for the battery operating cost, the degradation associated
with the operating power is defined by the variation of the
nominal capacity of the battery according to the proposed
degradation model (32).

Cpat(k + 1) = Ppae (k)

Npat (k)
¢ CN("; 'tVbat(k) 2

Cosntyg: k) + Cpat, (k) 10SSpo
Almax

153



154

Chapter 4: Results & Methods

IEEE Access

Mubidisiplinary § Rapi Review | Open Acsss Sournsd

1h

"3600s Ts = Cpae(k + 1) = Pypgr(k) - C1 (k)

Where:

Cpat(k + 1): Total operating cost of the battery at sampling

time k+ 1 (€).

Ppq:(k): Operating power of the battery at sampling time k
(W).

Cogy,, (k): Operation and maintenance cost of the battery at
sampling time k (€/Wh).

Cpat, (k): Depreciation cost of the battery at sampling time k
(€).

«: Battery degradation ratio (Ah).

Npae (k): Overall battery efficiency at sampling time k.

Cy (k): Nominal battery capacity at sampling time k (Ah).
Vbat (k): Battery voltage at sampling time k (V).

10SSpat a.- Maximum expected losses of the battery (Ah).
C,(k): Groups all the terms that multiply Py, (k), (€/W).

3.2.2.2- Electrolyser Operating Cost

In case of electrolyser operating cost, the degradation term is
calculated from the equivalent hours of operation at nominal
power according to the proposed degradation model (33).

Cels(k +1) = Pels(k)

1 1h
3 : 33
lifeezsPest(k)) 3600s % 63

= Cas(k +1) = Pos (k) - C2(K)

(CO&MBL;(k) + Celso(k)

Where:

Cos(k+1): Total operating cost of the electrolyser at
sampling time k + 1 (€).

P,,(k): Operating power of the electrolyser at sampling time
k (W).

Cosan,,;(k): Operation and maintenance cost of the electrolyser
at sampling time k (€/Wh).

Ces,(k): Depreciation cost of the electrolyser at sampling time
k(€).

lifeqs: Useful lifetime of the electrolyser (hours).

Py, (k): Nominal electrolyser power at sampling time k (W).
C,(k): All the terms that multiply P,;s(k), (€/W).

3.2.2.3- Fuel Cell Operating Cost
Fuel cell operating cost is determined by the voltage drop
associated with the operation power according to the proposed
degradation model (34).

Crelle+ 1) = Pr(B)

AVfCtime

AV/’CMaz'PfCN(k)
> Crelke +1) = Ppel(l) - G5 ()

1h
(Co&Mﬂ(k) + Cpe, (K) ) T, (34

3600

Where:
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Crc(k + 1): Total operating cost of the fuel cell at sampling
time k+ 1 (€).

Prc(k): Operating power of the fuel cell at sampling time k
(W).

Cosany (K): Operation and maintenance cost of the fuel cell at
sampling time k (€/Wh).

Cyc,(k): Depreciation cost of the fuel cell at sampling time k
(€.

AVg,..... Fuel cell voltage drop considering the operating hours
and cycles (V/h).

AVp,,..- Maximum expected fuel cell voltage drop considering
the operating hours and cycles (V/h).

Py, (k): Nominal fuel cell power at sampling time k (W).
C3(k): All the terms that multiply Py (k).

3.2.2.4- Grid Operation Cost

In relation to grid costs, assuming a grid-connected topology
(see Figure 1), a direct relationship of the grid cost (Cyyia)
associated with the incoming (bought, C;,) or outgoing (sold,
Cout) power can be exemplified (35).

Cgrid(k + 1) =

_{ Pgria(k)Cin(K); if Poria = Pgria,, (k)
Pgn‘d(k)cout(k); if Pgria = Pgridou,(k)

2 grid(k +1)= Pgrid(k) ¢ C4(k)

(33

Where: C,(k) is Cip(k) or Cpy(k). The sign is defined by
P grid (k)

Then, the total operating costs of the whole microgrid (Cgs)
can be defined by the addition of the previously calculated
individual costs (36):

Coys(k +1) = Cpge(k + 1) + Cos(k + 1) +

+Crc(k +1) + Cgrig(k +1) - 36)
Coys(k+1) = Ppgr(k) - C1(])+Pg5(k) - Co(k) +

+Prc(k) - C3(k) + Pgria(k) - Ca(k)

3.2.3.- Operating Losses

The losses associated to the most sensitive part of the
microgrid (the losses due to photovoltaic panels and wind
turbines are intrinsic in the model; in the sense that they are
considered in the total power that both systems deliver to the
microgrid, ie., their local controllers guarantee that the
maximum power is transferred to the microgrid, so, this is not
a EMS task) can be modelled based on the current working
power each device (battery, electrolyser and fuel cell ) and its
operating efficiency. Despite the fact that the current
efficiency value is unknown, an approximation can be
estimated from the value ofthe previous instant with a reduced
margin of error (37).
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1 —n,(k) 2
Lossy(k + 1) = Pe(k) (W) (37

Where:

Loss,(k + 1): Operating losses of the element x at sampling
time k +1 (W); x =bat, els or fc.

P.(k): Operating power of the element x at sampling time k
(W).

1, (k): Operating efficiency of the element x at sampling time
k.

Particularizing for each element, a linear model that relates the
operation losses of the battery, electrolyser and fuel cell can
be obtained according to their operating power and
instantaneous performance, respectively (38), (39) and (40).

_ 1 —Npar (k)
Losspqae(k + 1) = Pyge(k) <—71bat(k) ) (38)
= Losspat,, = Ppar(k) - Ly (k)
. 4= nels(k)
LOSSels(k + 1) = Pels(k) (—nels(k) ) (39)
= Lossgs(k) = Pes(k) - Ly (k)
1= nfc(k))
Losspe(k+ 1) = Pee (k) | ———
o0sspc(k + 1) = Pro(k) ( e ) “0)

= Losspc (k) = Pr(k) - L3(k)

Where: L,(k),L,(k) and Ly(k) are, respectively, all terms
multiplying Pya¢ (k), Pers(k) and Pr. (k).

For grid-connected topologies, it is also necessary to consider
the losses associated with the use of power electronic devices:
DC/AC converters used during the injection to grid; and
AC/DC converters utilised during the electrical consumption
from the grid (41).

Lossgrig(k + 1) =

1-— k
Pgrid (k) <M> B lf Pgrid (k) = Pgrl'dm(k)
Nac/pc (k) (41)
Pgrxd(k) ( TBEic (k) H lf Pgrtd (k) = Pgrldaut(k)

X Lassgridk = Pgria(k) - La(k)

Where:

Lossgiq(k +1): Losses related to the grid connection at
sampling time k+ 1 (W).

Pgria(K): Pgpig,, (k) OT Pgyiq (k) (W).

nNpc/ac (k): Power electronics efficiency in case of injection to
the grid.

Nacpc(k): Power electronics
consumption from the grid.

Ly (k): All the terms that multiply Pg4(k).

efficiency in case of
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The operating losses associated to the whole microgrid is
resolved by the addition of the individual losses associated to
each element (42):

Loss(k + 1) = Losspqe(k + 1) + Lossgs(k+ 1) +
+ Lossgc(k +1) + Lossgrig — Loss(k+ 1) =

= Ppqe (k) - Ly (k) + Pgs(k) - Ly (k) +

+Ppc(K) - L3 (k) + Pyrig(k) - Ly(k)

(42)

3.3.- Power Balance in the Microgrid

Real microgrids based on renewable generation should
guarantee a minimum quality in the electricity supply
[71][72]. The loss of power supply probability (LPSP)
parameter is defined by the ratio between the total losses of
power supply to total demand for a considered period of time.
Regarding the model and indirect way, the closer LPSP to one
is achieved guaranteeing the power balance in the microgrid.
Following Figure 1, the power balance at sampling time Kk is
determined by the addition of the input power, i.e., the only
primary power available (renewable: solar and wind) and the
output power at this time (43).

Pbalance(k) = _Pren(k) L x Pload(k) T Pbat(k) +

(43)
+Pyp (k) + Pgriq(k) + Loss(k)

Where, the used criterion has been that the delivered power to
the DC/AC bus is negative and the consumed from it is
positive. Regarding Py, (k) it means (see Figure 1) the power
of the hydrogen-based systems, i.e., fuel cell or electrolyser
(both are complementary: the fuel cell operates when there is
energy deficit in the microgrid and the electrolyser enters into
operation when there is energy excess, so, both do not work
together). Then, depending on the state of the microgrid,
Py (k) can be Pg;5(k) or—Pr(k), and following the same rule:
Pygria(k) can be Pgq (k) Or —Pypq, (k), and Ppge (k) can be
—Ppatyseen (k) OF Py, (k). In any case, if the microgrid
operates properly, thank of the EMS, P, 4;ancemust be zero all
the time.

3.4.- Discrete State-space Model

From the models developed for each device and for a given
sampling period Ty, it is possible to put them together in an
equation as (44), comresponding with a Linear Time Variant
(LVT) discrete state-space model of the whole microgrid. A
very important issue regarding the model (44) must be taken
into account: in order to distinguish which element of the
hydrogen-based system is working on k, the Py, sign has been
used, i.e., when it is positive the electrolyser is working and
when is negative the fuel cell is who works.
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Each one of the rows of the state equation given in (44) can be
obtained in the following way: SOC(k + 1) from (16) and
HL(k + 1) from (18); note that in order to distinguish who is

working (electrolyser or fuel cell), rg;s or 77 need to be used.
Regarding wvy(k) andwv,(k), both represent model
disturbances. Of course, if at sampling time k neither the
electrolyser nor the fuel cell is working, the second row in (44)
is zero.

Now, focusing onVpg(k+1), its row represents the
linearization result of (1) or (2) and (3) or (4); where, for
both, Vyat(k + 1) = fi(ipat(k),SOC(k)) i.e., considering that
the nominal capacity of the battery is substantially constant.
From here, writing the current in function of the power under
the condition that from k to k + 1 the Vj,; remains constant, it
is easy to show that Vue(k+ 1) =SV(k)- SOC(k)+
VP(K).Pyoe (k) + va(k), where SV(k) and VP(k) are
coefficients depending on the linearization plane of (1) or (2)
and (3) or (4); obviously, the EMS will need to know the
working region in order to apply in each one the suitable
linearized model) and wv3(k) represents the sum of the
independent term (result of the linearization) and model
disturbances.

Regarding forth row, C,ys(k+1) comes from (36) and it
groups all operating cost: (32), (33), (34) and (35). Of course,
there is no point to have negative costs resulting of the
assumed criterion for P,s(k) and Pro(k), Ppge(k) OF —Ppgy
(depending if the battery is powering from the bus or
supplying to it) and Pg,4 or —Pg,;4(depending if the smart grid
is powering from the electrical grid or supplying to it). This
apparent incongruence is very easy to solve in the
programming stage: only to change the sign is needed.
Equations (28), (30) or (31) build, respectively, rows fifth and
sixth. Again, in order to avoid negative deterioration, the
battery and hydrogen system power criterion need to be taken
into account and resolving in the programming stage. Seventh
row groups all the microgrid operating losses (42) and, one
more time, in order to avoid negative losses, the power
criterion for the hydrogen-based system, battery and grid
needs to be taken into account in the programming stage.
Eighth and ninth rows are identical to the corresponding input
vector coordinates. Their presence in the state vector is due to
give uniformity to the model but, obviously, they might not be
taken into account. Finally, tenth row represents the net power
of the microgrid, which can be obtain from (43) taking into
account that the only primary source is P,..,; so, the net power
is the one that remains of the primary one, once extracted the
consumed by the loads and the losses. This is, matching (40)
t0 Ze10, Ppet(k) = Pren(k) — Pigaa(k) — Loss(k) = Ppge (k) +
Py (k) + Pgria (k).

Equation (44) can be expressed in the well-known control way
(45):

x(k + 1) = Ax(k) + Bu(k) + Gv(k)

45)
y(k) = Cx(k) + Du(k) + Ed (k)
Where, for a given sampling period Ts,

x(k): Discretized state vector
[SOC(K)HL(k)Vyqe (k) Coys (k) Dyae (k)Dpip (k) Loss(k) Pyp (k) ...



Chapter 4. Results & Methods

IEEE Access

Mubidisiplinary § Rapi Review | Open Awsss Sournsd

v Paria(K) Prar (K)]™

u(k): Discretized input vector [Pya (k) Pua(k) Pgn-,,(k)]r.
v(k): Discretized model disturbances [v, (k) v,(k)vs(k)]".
y(k): Discretized output vector

[SOC(K)HL(K)Vyq (k) Coy (k) Dyqar (k) Dy (k) Loss (k) Pya(K) ..
Pgrid(k) Pngt(k)]T'

d(k): Discretized vector of
disturbances [dsoc (k) dg, (k) dy,, (k)]
So far, a general model has been developed that allows
modelling the performance of a complete renewable sources-
based microgrid with hydrogen as backup throughout all its
operating range. This general model extended to all the
operating range of the microgrid guarantees a better
approximation with respect to those models mostly used in the
scientific literature because those one are linearized systems
around a single operating point. Additionally, apart from
describing electrical performance for each device that makes
up the microgrid, the proposed modelling formulation also
includes technical and economical parameters as operating
efficiency, degradation, losses and costs needed for the
microgrid optimization. In case the microgrid under study
would not include any of the generation elements shown in
Figure 1, the equivalent discretized state-space model would
be obtained from expression (44) simply removing the rows
corresponding to the elements not included.

measurable  output

IV. EXPERIMENTAL RESULTS

In order to validate the proposed model, a series of
experimental tests on the equipment defined in Section IT have
been developed, in accordance with the system configuration
shown in Figure 1.

In the following sections, the different experimental tests
developed will be detailed and the experimental results will be
presented against those obtained by applying the proposed
model.

In this particular case, the proposed battery voltage and charge
efficiency models, as well as the efficiency, hydrogen
generation and consumption models for the case of the
electrolyser and fuel cell will be individually validated.

4.1- Battery voltage

4.1.1- Battery voltage model identification

To identify the coefficient of the static models of the battery
voltage, a series of empirical charging and discharging tests
have been carried out over the battery bank at a controlled and
constant temperature of 20 °C. In order to guarantee
repeatability in the tests, the results used for the identification
process have been obtained from an average of three identical
tests.

The battery voltage model must represent the battery voltage
behaviour throughout its operating range for both charging
and discharging process. Based on the above, a test with three
clearly differentiated phases will be developed; a first initial
phase of full battery charging based on a two stage-based
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charging protocol; a second resting phase; and a last phase in
which a constant current discharge is made up to a minimum
value of battery state of charge. The test procedures are
described below.

Charge phase

The objective of this first phase is to achieve the full charge of
the battery, allowing a known initial condition for the
subsequent discharge procedure (SOC = 100%), and obtaining
an empirical relationship between the battery voltage, the
battery state of charge and charge current for the charging
process.

The charging phase is given by a two stage-based charging
protocol, given by a first initial constant current charging stage
until the desired charge voltage is reached (bulk stage), and a
subsequent constant voltage charging stage until the full
charge condition is reached (boost stage).

In this case, specifically, the bulk stage is determined in the
first instance by a constant current charging protocol at
different current values 3 A, 5 A, 7.5 A, 10 A, 15 Aand 25 A,
until the desired battery voltage has been reached (2.4 V/cell
~ 400 VDC). The use of different charge currents will allow
fora greater number of experimental data for the identification
process.

During the boost stage, a constant voltage charging protocol is
performed until the battery float current is reached (1 A), or
the float current remains constant for at least one hour,
determining the full charge.

In order to implement the described charging protocol, the
programmable power supply described in section II is used
according to the connection scheme described in Figure 7a.
The mode of operation, constant current or constant voltage,
will be given by the stage of the charging process to be
developed. The measurements of the main -electrical
parameters, voltage and battery current, have been obtained
from the programmable power supply acquisitions system

Rest phase
In order to guarantee the parasitic reactions cease in the
battery, the battery is left open circuit for 5 hours.

Discharge phase

This phase implements the desired discharge test procedure,
making use of a constant current discharging protocol, for
different discharge current values 5 A, 10 A, 15 A, 20 A,25 A
and 30 A until reaching a SOC of 50% with respect to the
initial nominal capacity, that is 50 Ah. The objective is to
obtain an empirical relationship between the battery voltage
and the battery state of charge and discharge cwrent for the
discharging process. The use of different discharge currents
will allow for a greater number of experimental data for the
identification process.

In order to implement the described discharging protocol, the
programmable electronic load described in section II is used
according to the connection scheme described in Figure 7b. In
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this specific case, a constant current operation mode has been
used. The measurements of the main electrical parameters,
voltage and battery current, have been obtained from the
programmable electronic load acquisitions system.

<l

+
________ l Programmable
"""""" ﬂ Power Supply
!

Battery bank

T
24 .,
. o N o o Programmable
attery banl R Y e e I Electronic Load
e ~—

1 =

FIGURE. 7. a) Set-up for charging phase; b) Set-up for discharging
phase.

Table 2 and Table 3 include the parameters values for the
Copetti and Tremblay models respectively for the battery bank
described in section II, obtained from identification process
from the experimental test under charging and discharging
profiles. For the identification process, the Matlab® curve
fitting toolbox has been used.

TABLEII
COPETTI BATTERY MODEL PARAMETERS

Parameter Value Parameter Value

ag 02936 d, -10.09
a. -1311  d, 0.3656
by -1355 ey 15
b 0.0743 e, 15 e soem
Ca 0054 fy, 10.15
Ce -1909  f¢ 19.11
TABLE IIl

TREMBLAY BATTERY MODEL PARAMETERS

Parameter Value

E, 395V
R 0.005Q
K 037V/Ah
Ca 100 Ah

A 0053V

B 013 Ah

3 - : FIGURE. 8. a) Copetti surface model for battery charging; b) Copetti
For the battery bank described in section II, the model surfaces SUTEich modl fo. biltry Hschargin oz ) Trenmly St ol for

for charging and discharging process defined by the Copetti battery charging; d) Tremblay surface model for battery discharging.

and Tremblay model obtained from identification process are TABLE IV
presented in Figure 8. Table 4 contains the statistical COPETTI AND TREMBLAY MODEL STATISTICAL PARAMETERS
parameters that define the behaviour of the studied models. SSE) (RMSE) R A4R

a)

Coppet1 167 4 1.162 0993  0.9928

Charging  onblay 4736 1954 09802 09795
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Copetti 690.1 3.054
Tremblay  684.8 3.042

0.8506
0.8517

0.8524

Dischargin
Bng 0.8437

4.1.2- Battery voltage model validation

The behaviour of the proposed models has been validated on
the lead-acid battery bank. Both models have been compared
with the experimental results obtained under charging and
discharging profiles for different operating currents. In order
to ensure a correct reading of the battery voltage, taking into
account the time scale of the model, the voltage measurements
were made every minute, so that the voltage transients
associated with changes in the charging/discharging current
were completely filtered. The test results are shown in Figure
9.

Vhat_experimental — = = Vbat_Copetti Model

= = = Vhat_Tremblay Model

Ibat

Voltage (V)
Current {A)

} r T T T r T T T T r -15

0 5 10 15 20 25 30 35 40 45 50 55
Time (hour)

FIGURE. 9. Comparison between battery experimental voltage and

Copetti and Tremblay linearized model for charging and discharging
test.

4.2- Battery efficiency

4.2.1- Battery charge efficiency model identification

To determine the coefficients of the Butler-Volmer equation,
an experimental tests have been carried out under the same
initial conditions. The test procedure starts from a battery fully
charge, proceeding with a constant voltage charging protocol
at different charging voltages, 2.25 V/cell (405 VDC), 2.275
Vicell (410 VDC), 2.3 Vicell (414 VDC), 2.325 V/cell (419
VDC), 2.35 Vicell (423 VDC), 2.375 V/cell (427 VDC), and
2.4 V/cell (432 VDC), and operating temperatures, 15 °C, 20
°C, 25 °C and 30 °C. The charging current for each voltage and
operating temperature will be determined by the float current,
which will practically represent the current associated with the
parasitic reactions in the battery (gassing current), and
therefore will determine the efficiency in the charging process.
The battery float current was determined as that current that
remained constant after one hour of constant voltage charging.
In order to guarantee a precise model, the values used for the
experimental identification procedure were obtained from the
average of three different tests.

In this particular test, the programmable power supply
described in section II is used according to the connection
scheme described in Figure 7a. According to the test
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performed, a constant voltage operation mode has been used.
The measurements of the main electrical parameters, voltage
and battery current, have been obtained from the
programmable power supply acquisitions system. The
temperature measurement has been carried out through the use
of surface temperature sensors type Pt100 and conditioning
electronics.

Table 5 include the parameters values for Butler-Volmer
equation for the battery bank described in section II, obtained
from identification process from the experimental test under
charging profile. For the identification process, the Matlab®
curve fitting toolbox has been used.

TABLEV
COPETTI AND TREMBLAY MODEL STATISTICAL PARAMETERS
Parameter Value
Ig, 0.22A
Ky,: 0.096 V-
Kr: 0.05 oCt
Vbat, 414V
Tyat, 259C

For the battery bank described in section II, the model surface
for gassing current defined by the Butler-Volmer equation
obtained from identification process are presented in Figure
10. Table 6 contains the statistical parameters that define the
behaviour of the identified model.

Current (A)

Temperature (°C)

Voltage (V)

FIGURE. 10. Gassing current surface model for battery.

TABLEVI
BUTLET-VOLMER MODEL STATISTICAL PARAMETERS

Sum of squared Root-mean-square 2 . 2
error (SSE) deviation (RMSE) E Adjusted R
04535 0.1296 0.929 0.929

4.2.2- Battery charge efficiency model validation

The behaviour of the proposed models has been validated on
the lead-acid battery bank. The Butler-Volmer equation have
been compared with the experimental results obtained under
charging profiles for different operating voltages and two
different temperatures. With the aim of guaranteeing a correct
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reading of the battery floating current, avoiding the effect of
transients in the charging process, the current measurements
were made one hour after the test voltage and temperature
conditions were reached. The test results are shown in Figure
11.

Igas_experimental 142C Igas_experimental 23¢C

Igas_Butler-Volmer 149C — — — Igas_Butler-Volmer 23¢C

Current (A)

405 410 415 420 425 430
Voltage (V)

FIGURE. 11. Comparison between battery experimental gassing current
and Butler-Volmer model for charging test.

4.3- Electrolyser generation ratio and efficiency model
validation

The behaviour of the proposed hydrogen generation ratio and
electrolyser efficiency model has been validated on the
alkaline electrolyser explained in section II, whose main
parameters were presented in Table 1.

In this particular test, the power stage of the electrolyser is
supplied from a three-phase AC connection. The rectifier stage
and subsequent DC/DC buck converter allows to supply DC
current to the electrolyser stack based on a ramp-type
programmed power profile (Figure 14a), which starts from a
minimum power value of 5 kW, up to the nominal power value
(10 kW). In order to neglect the thermal effect on the system
response, the test was performed after operating the
electrolyser for 2 hours at nominal power, in order to reach the
nominal operating temperature, and it is kept established along
the test duration thanks to the auxiliary cooling system.
Finally, the produced hydrogen is stored in the high pressure
tank described in section IT. The connection scheme is shown
in Figure 12.

To validate the proposed hydrogen generation and efficiency
model, all the sensors and acquisition and control electronics
integrated in the same equipment are used. In this sense, the
measurement of the produced hydrogen flow through the use
of a mass flow meter will allow to determine the instantaneous
generation ratio, as well as the electrolyzer performance from
the relationship between the electric power consumed and the
chemical power extracted, according to the equation (22).
The experimental test results for hydrogen generation ratio
and electrolyser efficiency are shown in Figure 13 and Figure
14 respectively.
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Control & Power
Unit

Hydrogen Tank

FIGURE. 12. Set-up for electrolyser test.
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FIGURE. 13. a) Electrolyser voltage and current for experimental test; b)
Comparison between experimental hydrogen generation ratio and
Faraday model.
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FIGURE. 14. Comparison between experimental electrolyser efficiency
and Faraday-based model.
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4.4- Fuel cell consumption ratio and efficiency model
validation

The behaviour of the proposed hydrogen consumption ratio
and fuel cell efficiency model has been validated on the PEM
fuel cell explained in section II, whose main parameters were
presented in Table 1.

In this particular test, the fuel cell has been subjected to a stair-
type up-down load profile (Figure 16a), with the aim of
validating the behaviour of the system during the increasing
and decreasing of the current setpoint. In this case, in order to
be able to regulate the working current of the fuel cell and take
advantage of the energy produced for recharging the battery
bank, a high-ratio lifting Push-Pull topology DC/DC converter
has been used (Figure 4b). The design and application of this
converter allows the power regulation, electrical
interconnection and measurement of the main electrical
parameters of the fuel cell. The measurement of the consumed
hydrogen flow through the use of a mass flow meter will allow
to determine the instantaneous consumption ratio, as well as
the fuel cell performance from the relationship between the
chemical energy stored in hydrogen and the extracted electric
power, according to equation (25). The connection scheme is
shown in Figure 15.

The experimental test results for hydrogen consumption ratio
and fuel cell efficiency are shown in Figure 16 and Figure 17
respectively.

Mass Flow Meter

'
w .@_.m«ceu. O

Hydrogen Tank

Battery Bank

FIGURE. 15. Set-up for fuel cell test.
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rfc_experimental = = = rfc_Faraday Model
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FIGURE. 16. a) Fuel cell voltage and current for experimental test; b)
Comparison between experimental hydrogen consumption ratio and
Faraday model.
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FIGURE. 17. Comparison between experimental fuel cell efficiency and
Faraday-based model.

V. DISCUSSION

In this section, the results obtained from the validation tests of
the proposed models will be analysed.

Attending to the battery voltage model, a series of
experimental tests were carried out that allowed, through an
identification process, to obtain the parameters of Coppeti and
Tremblay models (Table 2 and Table 3), resulting in a state
surfaces (Figure 8) which represents a mathematical model
with a very high coefficient of determination, as well as a
reduced average error (Table 4), which determines the correct
adjustment with respect to the reference data matrix.
Considering the parameters obtained from the identification
process, each of the previous models was validated on the
same charging and discharging profile according to the
experimental test presented in section 4.1.2 and collected in
Figure 9.

From the previous results it follows that Coppeti model
reflects faithful the real behaviour of battery thanks to it is a
model designed specifically for lead-acid batteries. Attending
to the representation of the experimental vs simulated curves
(Figure 9), the good behaviour of the model is checked, which
presents a very small percentage error in its entire operating
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range characterized by an average percentage error less than
0.2% and a standard deviation of 0.62%, presenting a
maximum percentage error (absolute value) less than 4.2%
given for the load change transitions (Figure 18a).

In case of the Tremblay model, despite presenting good
results, since it is a generalized model for any battery
technology, it presents an average error significantly higher
than the Coppeti model (Figure 18b). In this particular case,
the error is present in practically the entire operating area,
characterized by an average percentage error close to 1% and
a standard deviation of 1.9%. The maximum percentage error,
as in the previous case is given for load changes transitions,
reaching in this case a maximum value (absolute value) of
5.2%.

Attending to the results, the Coppeti model presents a better
performance for the modelling of lead acid batteries. In any
case, both models presents a good approximation. In the case
that control actions aimed at implementing charge
management algorithms are considered, the Coppeti model
presents better results with a reduced modelling error for both
charge and discharge process.

Based on the above, the use of the static Coppeti model in
micro grids with energy storage system based on lead acid
technology batteries is recommended. For the rest of the
technologies, the Tremblay model presents a mathematical
solution that should be evaluated depending on the
application.
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FIGURE. 18. a) Percentage error profile Coppeti model; b) Percentage
error profile Tremblay model.
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Attending to the battery efficiency, model based on Butler-
Volmer equation, a series of experimental tests were carried
out that allowed, through an identification process, to obtain
the main model parameters and define the proposed charge
efficiency model (Table 5). As a result from the identification
process, a state surface was obtained (Figure 10), which
represents a mathematical model with a very high coefficient
of determination, as well as a reduced average error (Table 6),
which determines the correct adjustment with respect to the
reference data matrix.

The behaviour of the proposed model was validated by
experimental tests for the voltages range defined by the
floating voltage and the maximum charge voltage
recommended by the manufacturer, as well as different
operating temperatures (Figure 11).

Based on the gassing current ermror profile (Figure 19), it
reaches its highest percentage value for the lowest current
range, reaching peak values close to 70%, Figure 19a. This
problem is mainly due to three factors:

The first one is due to the exponential relationship proposed
by the Butler-Volmer model for the gassing current with
respect to the battery operating voltage and temperature.
Although for high values of voltage and/or charge
temperature, the experimental relationship respond to an
exponential function, for low values, the gassing current
profile tends to resemble a linear type relationship (Figure 11,
Vbat< 415 V).

The second one is due to the reduced magnitude of the
operating current, which has a very low weight in the
identification process in favour of a better parametric
adjustment for more significant charging currents.

Finally, the reduced gassing current values determine the need
for high accuracy in the current measurement, which will be
determined in general by the performance of the sensor and
acquisition system used.

On the contrary, for voltage values greater than 415 V, the
gassing current follows a clearly exponential profile and that
is why the percentage error decreases rapidly, limited to a
maximum value of 20%, thanks to a considerable increase in
the gassing current (Figure 11 and Figure 19a-19b). This
current magnitude increase has a greater influence on the
parameters identification process, which directly affects the
quality of the model, while its high value allows it to be
measured with greater accuracy.

Although the error in the calculation of the gassing current can
be high in percentage terms (Figure 19a-19b), the error in
terms of operating current is very small (Figure 19¢-19d), and
therefore, the error made in the calculation of the battery
efficiency, according to the equation (13) can be considered
negligible. Thus, for 2 A charge current (very low current
C/50), the maximum error in the model would be associated
with a maximum efficiency absolute error less than 5%.

In accordance to above, it is confirmed that the presented
model to determine the battery charging efficiency has a good



Chapter 4. Results & Methods

IEEE Access

Mubidisiplinary § Rapi Review | Open Acsss Sournsd

performance, and therefore allows its application in systems
based on lead acid technology batteries.
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FIGURE. 19. a) Gassing current percentage error profile (14°C); b)
Gassing current percentage error profile (23°C); c) Gassing current
error profile (14°C); d) Gassing current error profile (23°C).

VOLUME XX, 2017

Unlike the case of the battery bank, the proposed model for the
electrolyser and fuel cell hydrogen production/consumption
ratio and operating efficiency is based on Faraday's Law, and
therefore do not require the calculation of additional
parameters that require a prior identification process.

The validation of the hydrogen generation profile model and
consequently the electrolyser efficiency model was carried out
in the experimental test presented in section 4.3 and collected
in Figure 13 and Figure 14.

Attending to experimental results, it is easy to check how
despite imposing a low dynamic ramp current profile, there are
large fluctuations in the measured generated hydrogen flow
rate profile (Figure 13b). These fluctuations are result from the
operation mode of the DC/DC converter that supplies DC
regulated power to the electrolysis stack. The converter
selected for this application implements a power control stage,
which regulates the working curent based on the RMS value
of a step type current profile (the current and voltage values
obtained from the electrolyser data acquisition system have
been subjected to a low-pass filter process). Continuous
fluctuations in the current regulation stage cause variations in
the instantaneous working power, and therefore in the
production hydrogen flow rate.

According to the error profile resulting from the validation test
(Figures 20a-20b), and despite the presence of fluctuations, the
model error is reduced, presenting an average error close to
0.4%, with a maximum error (absolute value) less than 20%,
and a standard deviation of 9.2%.

Based on validation test and error profile, it can easily verified
that the hydrogen generation flow rate profile presents a direct
and proportional relationship with the electrolysis current
(Figure 13), in accordance with the proposed model based on
the Faraday Law, equation (19). It follows that the proposed
model present a reliable behaviour and permits to estimate the
hydrogen generation profile during the electrolysis process.
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FIGURE. 20. a) Hydrogen generation percentage error profile; b)
Hydrogen generation error profile; c) Electrolyser efficiency percentage
error profile.

Based on the experimental and simulated hydrogen generation
profile obtained for the described validation test, and based on
the relationship between the electrical input energy and
chemical output energy, equation (22), the operating
electrolyzer efficiency profile is presented in Figure 14.
Similarly to the hydrogen generation profile, the presence of
fluctuations in the current profile causes a greater error in the
efficiency model (Figure 14). In spite of the above, it is
verified that the electrolyser operating profile remains
practically constant regardless of the working curent, as
derived from the proposed model, equation (23). The main
reason is the direct dependence between electrolysis efficiency
and operating voltage, which has remained practically
constant for the entire test.

Following the error profile of the electrolyser efficiency model
(Figure 20c), despite the fluctuations present in the hydrogen
generation profile, good performance of the model is
achieved, characterized by an average error is around 0.8%,
with a maximum error (absolute value) always less than 20%
and a standard deviation of 5.20%.

Based on the results obtained, and independently of the
technology, the proposed model for the calculation of the
electrolyser efficiency can be validated.
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FIGURE. 21. a) Hydrogen consumption percentage error profile; b)
Hydrogen consumption error profile; c) Fuel cell efficiency percentage
error profile.

Similar to the case of the electrolyser, the proposed model for
the hydrogen consumption rate and efficiency of the fuel cell
does not require a prior identification process as it is based on
Faraday's Law, in accordance with equations (21) and (24).
According to the fuel cell hydrogen consumption model, these
errors are determined by changes in the load, which cause an
instantaneous peak consumption (Figure 16b and Figure 21a-
21b). Similarly, the occurrence of periodic purges negatively
affects the measure. Discarding the peaks derived from
changes in the load, and the area of low operating power, it is
verified that the maximum error in terms of absolute value is
below 10%, with an average error close to 0.5% and a standard
deviation less than 2.5% (Figure 21a).

In the case of low cumrent operation the percentage
consumption error is high, mainly because the hydrogen
consumed value is very low and any small error in the
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measurement has a great impact on the final value. In the low
power area, the measurement range of the mass flow meter is
far from the nominal design operating range, this fact, together
with the output range of the flow meter sensor is 15-20 mA,
causes that the resolution in the measure can be greatly
affected in this working area.

Inresponse to the errors previously analysed, the experimental
results compared to the model based on Faraday's Law are
compromised in the low current operation zone and during
load changes. Although the average efficiency error is low,
with an approximate value of 1,20%, the high percentage error
in the measurement of hydrogen consumption for low
operating power causes a high maximum error (in absolute
value) close to 30%, and a standard deviation close to 5,52%
(Figure 21c).

Considering that the low power region is a transit zone until
reaching a minimum working point determined by 1 kW,
equivalent to 30% of the nominal power (1h <t <3.5 h), the
error of this area can be considered negligible and therefore
the benefits of the model increase in the nominal operating
area, reaching maximum errors (absolute value) less than
10%, given for load change situations, with an average error
of 0.73% and a standard deviation of 2.10% (Figure 21c).
Based on the above, it is demonstrated that the proposed model
is valid for determining the working efficiency of the fuel cell
within the described operating range.

Finally, the proposed model for equipment degradation, and
depending on it, the cost of the system, has not been possible
for experimental validation.

The experimental validation of the equipment degradation
model requires an exhaustive control and a history of use, due
to its high dependence on the operating conditions of the
systems; as well as the implementation of a long-term test, or
accelerated life test (ALT) whose purpose is exclusively to
determine the degradation rates according to the curent
regime, operating cycles, etc.

Due to the high cost of the equipment, the high availability
required, the high temporal cost, as well as the lack of
historical data, the experimental validation of these models has
not been possible. For all the above, in this work the system
degradation model is based on typical parameters provided by
the manufacturer, which are a good starting point.

In the case that degradation parameters associated with the
systems in use are available, the generality of the LTV model
makes possible to easily modify the degradation rates
according to the operation point at each sampling period.

VI. DISCUSSION

Despite the benefits of renewable sources-based microgrids,
they need to be hybridized with the aim to mitigate their
dependence on environmental resources and to guarantee a
zero net power balance at any time. In the hybridization task,
the use of different types of energy storage systems like battery
and hydrogen-based system is promising solution. Hydrogen-
based storage systems usually faces more stable power
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imbalances and, consequently, acts as a long-term storage
system.

Regarding a renewable sources-based microgrid, it is not the
load demand the only criteria to satisfy, but also there are
technical and economic parameters to take into account by the
EMS. Then, in order to optimize the microgrid response, it is
necessary to design and develop control algorithms that
implement an EMS that permits, on the one hand, to guarantee
the demand at all times and, on the other, to optimize the
response of the microgrid according to the studied technical
and economic parameters. Therefore, it is crucial to have an
accurate model of the microgrid that allows to have enough
knowledge about it to design and analysis the controller.

But, the particularity and high complexity of the models
widely used in the scientific literature, makes the process of
designing controllers oriented to the implementation of
management strategies a complicated task.

With the aim of simplifying the modelling task and
centralizing design efforts exclusively at the level of
supervision and management of the system, this paper presents
a methodological foundation to obtain a generalized model of
the whole system. The modelling methodology used is based
on the operating philosophy of an EMS, developing a general
formulation based on the operating powers of each device,
based on the main parameters of the plant, which allows a
sufficient level of abstraction for its generalization and use in
any other microgrid with a similar configuration, regardless of
technology, or working power range of the equipment used.
The general model has been developed and tested with
experimental results. There has been proven that the proposed
model describes the performance of a complete renewable
sources-based microgrid with hydrogen as backup throughout
all its operating range. This general model extended to all the
operating range of the microgrid guarantees a better
approximation with respect to those models mostly used in the
scientific literature because those one are linearized systems
around a single operating point. Additionally, apart from
describing electrical performance for each device that makes
up the microgrid, the proposed modelling formulation also
includes technical and economical parameters as operating
efficiency, degradation, losses and costs needed for the
microgrid optimization.

To use the proposed methodology to other microgrid
applications that do not include any of the studied devices, the
equivalent discretized state-space model would be obtained by
simply removing the rows corresponding to the devices not
included.

The features of the generalized model obtained from the
proposed methodology (model based on the entire operating
point of each device and inclusion of the technical and
economic parameters) help to define multi-objective
optimization problems, as well as serving as a knowledge base
in the design and implementation of model-based controllers.
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The experimental results on each device and on the complete
hydrogen-based microgrid allow validating the comrect
behaviour of the proposed model under long-term simulations.
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Abstract

This article presents a methodological foundation to design and test experimentally a Model Predictive
Control (MPC)-based controller to be applied in renewable sources-based microgrids with hydrogen as
backup. The MPC controller has been developed with the aim to guarantee the best energy distribution at
the same time that it is optimized the microgrid operation considering both technical and economic
parameters. For this purpose, it has been defined an multiobjective function that takes into account the
energy demand, operating cost, system performance and the suffered and accumulated degradation by the
microgrid elements throughout their lifetime. That is, the proposed MPC controller solves the optimization
of the microgrid operation both in the short and in the long-term basis. The MPC controller has been
validated by simulation and experimental tests in a case study, where the performance of the microgrid
under excess energy and deficit situations has been tested, acting as constrains the various degrees of
degradation of the systems that make up the microgrid. The MPC controller results have been excellent
both by simulation and by experimental tests.

Keywords: model predictive control, energy management system, renewable sources-based smart
microgrid, hydrogen backup systems, technical and economic parameters, lifetime, power balance, energy
balance.

LIST OF ACRONYMS

EMS: Energy Management System

HL: Hydrogen level

LTI: Linear Time Invariant

MILP: Mixed Integer Linear Programming
MIQP: Mixed Integer Quadratic Programming
MPC: Model Predictive Control

O&M: Operating maintenance

PV: Photovoltaic

SOC: State of Charge

I.  INTRODUCTION

In general, a smart grid is a concept that comprises an efficient way to manage the electricity and that
uses different technologies and tools (control, computers, communications, instrumentation, etc.) to
optimize the production and distribution of the electricity, pursuing the balance between producers and
consumers [1-3]. Therefore, a smart grid must secure a sustainable and resourceful energy system, with
few losses and high-quality power as well as to guarantee the electrical supply [1,4.,5].

Specifically, in the case of renewable sources-based microgrids with hydrogen as backup (Figure 1
shows the one used in the case study of this article), the intelligent management system must be responsible
not only satisfying the load at all times, optimizing production and distribution but also accomplishing
pivotal goals in case of hydrogen systems (electrolyser and fuel cell) as lifetime, degradation, costs,
operating time and losses [3,6,7]. Only in that way, renewable sources-based microgrids with hydrogen as
backup will be able to compete successfully with traditional electric power generation grids [1][2][8][9].

According to the control structure, for the implementation of the energy management strategy (EMS),
the most used solution is based on a two-level structure (Figure 2 shows the designed control architecture
in the case study of this article), in which there is a centralized controller that regarding the current energy
situation of the system, it determines the optimal energy distribution based on the desired decision criteria
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[1][10][11]. The power set points generated from the main controller are imposed on each system from the
use of local controllers, which can implement different control algorithms depending on the topology and
nature of the equipment.

The EMS provides a wide variety of control solutions from the simple heuristic strategies, based on the
hysteresis operation mode [12—14]; methods focused on artificial intelligence by the use of fuzzy logic [15—
17]; as well as complex control algorithms oriented at optimizing multi-objective functions [18-20]. In the
latter cited category, the use of techniques based on MPC theory has been gaining relevance in recent years,
due to its simplicity and good performance [21-23].

As it is well-known, MPC theory is a multivariable control method to predict future plant behaviour (in
this case, the plant consists on a renewable sources-based microgrid with hydrogen as backup) that depends
on future inputs and known measurable variables at a given sampling time. Additionally, the MPC is based
on an optimization function [24-26], so if a suitable model plant is available, MPC theory drives the
predicted plant output to the desired reference as close as possible, taking into account prediction and
control horizons and constraints supported by the plant [27,28].
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Figure 1. Architecture and power balance of the renewable sources-based microgrid with hydrogen as
backup used as case study.
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Figure 2. Designed control structure of the renewable sources-based microgrid with hydrogen as backup
used as case study.

It is possible to find in the scientific literature configurations of microgrid with similar structure to that
presented in Figure 1 and 2, where the MPC controller is based on a simplified LTI model of the plant. In
these cases, the controller function is to determine the energy distribution of the microgrid, taking into
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account exclusively the power balance and predefined set points for the energy storage system
[12],[22,23],[29-33]. Then, these solutions present a very simple proposal because it obviates the influence
of economic cost, operating efficiency, equipment degradation, as well as criteria associated with battery
charge/discharge management.

By contrast, other works based on the economic optimization of the microgrid have been presented. For
this purpose, it is proposed a cost function that includes economic terms associated with the operation and
maintenance cost of the systems, as well as the cost related to the energy flow between the microgrid and
the electrical grid. In spite of this, the systems operation is only linked to economic terms and therefore no
actions are carried out with the objective of establishing technical optimization criteria.

Thus, in [25] and [34] an MPC controller is used based on simplified LTI models which seeks to
maximize the economic performance of the microgrid. For this, the behaviour of the microgrid is validated
through simulations in a residential application for different annual generation and consumption profiles.

Variants of the previous MPC controller are shown in [35]. This paper presents an MPC controller based
on evolutionary algorithms, which starts from a complex nonlinear model of the microgrid and proposes an
objective function that minimizes its operating costs in economic terms.

Unlike previous work, [36] presents an objective function which takes into account the microgrid
operating costs based on equipment depreciation costs. The cost function includes terms associated with
the amortization of the systems, without addressing specific solutions based on the technical criteria
presented. This work was validated through experimentation in a residential application.

Finally, in [37—40], strategies based on MILP (Mixed Integer Linear Programming) and MIQP (Mixed
Integer Quadratic Programming) theory are presented. These solutions are used to solve the optimization
problem posed by the use of a hybrid model, which makes use of discrete variables to define operating
cycles, as well as the charging and discharging cycles of batteries and hydrogen system. The use of discrete
variables is used to quantify the cost associated with the cyclic use of the equipment, without considering
technical optimization criteria. The results were validated through experimentation and simulation in
residential applications.

Finally, there are different solutions in the scientific literature in which the objective function allows
optimizing not only the operating cost, but also the equipment lifetime. These solutions present a more
complex multi-objective optimization problem based on system cost functions and MIQP, dependent on
the current operating parameters of the system.

In the papers presented in [18][41—45], the optimization problem is based on complex particular cost
functions for all systems, defining a global cost function that integrates the economic cost associated with
the purchase/sale of energy to the grid, as well as the equipment's amortization cost. The proposed energy
management problem is based on the minimization of costs, as well as the maintenance of certain levels of
energy stored in the energy storage systems, posing a tracking problem. These solutions are based on
determining the degradation of the equipment in terms of operating cycles and changes in the power set
point for each discretization period, without taking into account the historical state of the system.

Based on the literature review, most of the solutions reviewed are based on simple LTI models,
linearized around a single working point, which only include the model of the energy state of the system in
terms of battery SOC, as well as the level of hydrogen stored. The use of these types of solutions can have
a negative impact on the prediction capability of the controller, and therefore on the system behaviour
[24,28,46-48].

Based on the application of the different proposals, most of the works focus their studies and validations
on simulations [25,33-35,38-41], presenting great difficulties in real applications under variations of
generation, demand, equipment performance, safety criteria, etc. In this sense, attending to the safety and
management of batteries, no scientific work proposes solutions in terms of battery charge management
beyond the limitation of the battery SOC, which may be insufficient in terms of efficiency and safety in
real battery operation.

Similarly, the solutions that include the degradation of the systems in the cost function, are based solely
on the short term [36,41,43,49]. That is, the equipment degradation in each sample time is evaluated,
without taking into account the system past history. Therefore, the controller bases its operation on the
assumption that the performance of the devices remains constant throughout their lifetime. Notwithstanding
the foregoing, in no case, the losses of efficiency or reduction in nominal power in accordance with the
degradation accumulated by the systems are considered. Based on this assumption, the controller does not
have accurate information of the current state of the microgrid, so the decision it takes will not be suitable
in the long-term prediction horizon.

Finally, most of the reviewed works [25,33-36,38—41,43,49,50] present particular solutions according
to the topology, application and objectives of the microgrid, starting from the modelling phase until the
choice of the cost function and tuning the control parameters. This particularity makes difficult to
extrapolate the methodology proposed in each paper to any other configuration that differ from the used
model.

In order to respond to the shortages found in the literature review, this paper presents a generalized
formulation for the design of MPC controllers applied to renewable energy microgrids with hydrogen as
energy carrier. The solution is based on the proposal of generalized LTV (Linear Time Variant) model
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presented in [X], which allows integrating in a state space model all the necessary parameters and
considerations for the suitable operation of the microgrid throughout all its operating range. According to
the MPC controller design, the generality of the proposed methodology allows to adapt the parameters of
the controller according to the objectives, topology and application of the microgrid. In such a way, it is
possible to enhance the microgrid performance both in the short- and long-term, guaranteeing the
optimization of the plant from technical and economic point of view all over its lifetime.

The paper 1s organized as follows: Section 1l presents the theoretical foundation for the design of the
generalized MPC controller, as well as the tuning methodology guidelines of the controller parameters.
Section III shows a case study, developed and validated by simulation and experimental tests, which
demonstrates the proper operation of the MPC controller. Finally, Section IV and Section V presents the
discussions and the main conclusions, respectively, from the developed work.

II. MPCCONTROLLER
2 1.- General model for renewable sources-based microgrid with hydrogen as backup

In order to guarantee a correct behaviour of the micrognd controller, as well as providing the
mathematical knowledge basis for the MPC-based controller design, it is necessary to have a suitable model
of the renewable sources-based microgrid with hydrogen as backup shown in Figure 1. The model is fully
developed in [X] and, in order to make this article self-contained, the linear time variant (LVT) discrete
state-space model of the microgrid for a given sampling time T 15 again reproduced in (1). This can be
expressed in the most compact way (2).
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Where:

S50¢: Battery bank state of charge (%).

HL: Hydrogen level (Nm?).

Vyqe o Battery bank voltage (V).

Ceyst System operating cost (€/T,).

Dy - Battery bank degradation (Ah).

Dyt Hz system degradation; (WT;) for the electrolyser and (V/T,) for the fuel cell.

Loss: System total losses (W).

Py,: Following Figure 1, power consumed (if electrolyser in on, F,,, )/supplied (if fuel cell 1s on, P, ) by
the hydrogen system (W).

Pyria: Following Figure 1, power consumed {Pyria,, Wsupplied (Pyrig,, Wfromito the electrical grid (W).
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Poee: Net power in the micrognd (W). Following Figure 1: Ppu(k) = Ben(k) — Praaa (k) — Loss{k) =
+Pparlk) + Pyalk) £ Fyria. The used signs criterion is that the delivered power to the DC/AC bus is negative
and the consumed is positive. So, Py, 1s positive when is Py, and negative when is Ppp,

x(k + 1) = Ax(k) + Bu(k) + Gu(k)
y(k) = Cx(k) + Dulk) + Ed(k)

2)

Where,

x(k): State vector [s::-f[k) HLK) Vygy (k) Coyol(k) Dpgr (k) Diy (k) Lass(k) P (k) Fprpa(k) Pm(k)]’.
u(k): Input vector [Puae(k)Puz(k) k)] .

v(k): Model disturbances vector [ulfkj uzuc]:az{k]]r.

y(k): Output vector [SOC(K) HL(k) Vagy k) Coye (k) Dagr (k) Dyz (k) Loss(k) Pz (k) Pyra(k) Pm(k}r.
d(k): Measurable output disturbances vector [dsac (k) du (k) d,-m(k)]r.

The presented LTV model allows in a general way the calculation of the technical and economic
microgrid parameters, guaranteeing a good performance all over its operating range.

Then, according to the model, the use of the vanable P, ., allows to establish the power balance. On the
other hand, the term of amortization and operation and maintenance cost, allows taking into account the
changes n the intraday electricity market without the need to act on the controller cost function.

2.2~ General Formulation of the Extended Model

In the first instance and from the control point of view, it is necessary to carry out some manipulation
on the microgrid model (2). In general, and in this case in particular, the state control model produces a
Type 0 system, that is, without integrators. Hence, as it is well known, such kind of control model cannot
follow without error a step signal, 1.e., a set point. This means that the stationary output vector will contain
errors, which could be considerable. The solution is to insert an integrator in the direct path to the plant
[51][52][53]. Then, considenng Au(k) the input of the inserted integrator and u(k) its output (plant input),
the result is (3).

Au(k) = uk) — u(k — 1) (3)
Therefore, (2) can be expressed based on (3) as (4).

x(k + 1) = Ax(k) + B(Au(k) + u(k — 1)) + Gv(k)

ylk) = Cx(k) + D(Au(k) + u(k — 1)) + Ed(k) @

As only future control actions can affect the system output, matrix D in (4) must be null. This allows
defining the reduced discretized state-space model as (5).

x(k +1) = Ax(k) + B(Au(k) + u(k — 1)) + Gvl(k)

yik) = Cx(k) + Ed(k) (5)

In order to express the previous model according to the base form represented in (2), a new extended
state vector, ¥(k), is defined including the control term, u(k — 1), (6).

20 = [, ©)
In response to the new state vector, (5) 1s redefined in the extended state space representation as (7):

[ErD= 18 M|+ (5o + (5] v

k k—1
u(k) o ( ) @
@ =l ol 42|+ Eaw
In a simplified way, the extended state-space model can be written as (8):
E(k + 1) = Az(k) + Bau(k) + Gv(k) ®

y(k) = Cx(k) + Ed(k)
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Where A, B, € and & are, following the same criterion as for ¥, extended state matrices.
2.3.= Outpust Prediction

The MPC approach predicts future values of the controlled vanables as a function of possible control
action based on measurements known at a specific sampling time. Then, following this approach $(k + n|k)
means the MPC output prediction in the sampling time k + n based on measurements known at sampling
time k. Then, output vector from (8) can be expressed as (9).

Pk +1lk) = C2(k + 1)+ Ed(k + 1) (9
For the output disturbance d{k). a good approximation 1s to make it equal to the perturbation at the

previous sampling (k — 1), i.e., d(k) = d{k — 1) [53][54]. Then, based on this approach and considering
(&), it is possible to redefine the output prediction vector (9) as (10):

Pk +1|k) = CAx(k) + CBAu(k) + CGv(k) + Ed(k) (10}
By applying the procedure recursively, the prediction of the output vector can be obtain from (11).

Np—1
Phe + Ny|k) = EA™p (k) + z (EA™— =" Bau(k + 1) + EA% = Gvlk + 1)) + Ed(k + N, —1) (1D

=0

Where N, is an integer that represents the prediction horizon (output horizon). Developing (11) for each
sampling, from 1 to N, the prediction of the output vector from measurements known at sampling time k,
can be expressed in matrix form as (12):

CAZ(k) + CBAuCk) + CGolk) + Ed(k)
Pk +1]k) CAE(k) + z (EA>=1Baulk +1i) + A2~ 1Gu(k + 1)) + Ed(k + 1)
ke + 2]K) =
) = : (12)
Pk + N, k) Ny=1
CAMeE(k) + z (CAY ™ Baulk + 1) + CA% ™ Golk + 1) + Ed(k + N, — 1)
=0

This general expression of the output prediction vector, $(k + jlk). can be expressed as a matrix equation
in terms of the future control actions Au = [Au(k) Aulk + 1) ... Aulk + N, — l}]T. being N, =i+1 the
control signal horizon; as well as terms based on the known extended state vector, ¥(k), at past sampling
time k, £(k), and disturbances v and d. (13).

ﬁ=Ff(k}+Kv+E’d+fi.ﬂ'E‘l (13)
¥P ¥r

Where ¥, represents the free response of the system and y, the response forced by action control.
Regarding matrices F, K,E and H are given, respectively, by (14):

& & .0 E 0 g .0
£ C% G - G 0 -~ E CAMWTE - CB

2.4.= Objective Function

As discussed previously, the multivariable control method to predict future system output, $(k + jlk),
which depends on future system inputs Au(k + N, — 1), based on measurements known at sampling time k,
and that i1s based on an optimized criterion function of # and Auw, 1s called model predictive control (MPC).
If a suitable model plant is available, this control method guarantees the best behaviour of the plant.

Given the model plant of the hydrogen-based microgrid, expression (8), and the output vector
prediction, expression (13), the following step regarding microgrid is to choose the optimization criterion
based on # and Au. For that, the use of a well-known generalized cost function J, (15) is proposed: a
quadratic function whose weights are related to the tracking error between the output and the reference, and
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the effort of the control action to achieve them [52]. Thus, the control law would be the result of the
minimization of (15).

Np Ny
J= Zau)m{k + 1) — rlk + ) +ZAU}[au[k -1 (15)
=1 J=1
Where:

a(j): Weighting factor of tracking error.

Pk + jlk): Output prediction at the sampling time k + j based on measurements known at sampling time k.
r(k + j): Output reference at the sampling time k + j.

A(j): Weighting factor that penalizes, from the sampling time k. large changes of the control action.

Au(k + j — 1): control action at the sampling time k + j — 1.

According to the prediction model of the output vector determined in (13), the cost function (15) can be
transformed into an equivalent matrix as (16):

I = al§ —r]* + A[au]? (16)
= [FE(k) + Kv + Ed + HAu — r]Ta[FE(k) + Kv + Ed + HAu — r] + Au" 1Au

Note that [# — r]* implies to multiply two matrices [# — r] of dimension Ny N, x 1 (N, is the number of
outputs) which is not possible. So, defining a as a diagonal matrix whose dimension is Ny,Np X NN, it is
casy to show that a[§ — r]* = [§ — r]Ta[# — r], and the result is obviously a scalar. In the same way, [Au]?
needs to carry out the multiplication of two matrices Ny, Ny, % 1 (N,,, is the number of inputs); a solution
is again to define A4 as a diagonal matrix of dimension NauNy X NayNy to get a scalar again. The
minimization of (15), whose matrix development is (16), can be presented as the usual guadratic
programming problem (QP) shown m (17).

1
I=Ezrﬂz+ Tz (17

Where [ is the function to minimize. and it 1s subjected to the constraints in the form: Pz < &, where z
15 the vector to find (in our case the control vector (Au) that minimizes f). The given values are: @ (a
symmetric matrix), the vector ¢ and the constraints characterised for the matrix P and the restricted values
.

The cost function (15) must be manipulate in order to obtain an expression comparable with (17) that
allows identifying each of its terms. To this aim, from (15), taking the transpose of HAu in the first square
bracket, operating and applying again the transpose to get aHAu twice, results (18).

J = [au"HT aHau + [FE(k) + Kv + Ed — r]"aHau + [FE(K) + Kv + Ed — r]"aHau +

(18)
+[FE(k) + Kv+ Ed —r]TalFz(k) + Kv + Ed — r] + Au"AAu
From this last equation, grouping terms and taking common factor Au”, (19) is obtained.
J=[AuT(HTal + A)Au + 2[FE(k) + Kv + Ed — r]"aHAu + (19

+[FE(k) + Kv + Ed — r]Ta[Fz(k) + Kv + Ed —r]

Obviating the terms that do not depend on the control vector, because they will be eliminated in the
derivation process to obtain the minimum (optimization), and multiplying the whole expression by 1/2,
(20) is obtained.

Jj= %[MT(HTQH + A)Au] + [FE(k) + Kv + Ed — r]TaH Au) (200

Now, it is easy to compare (20) with (17), which is shown in (21).

z=Au
Q=(HalH + 1) 21
eT = [FE(k) + Kv + Ed — r]TaH

2.5.= Constraints
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The great advantage of the MPC approach does not lie in the solution of the analytical mimmization of
a quadratic criterion such as (17), but in that it is easy to handle constraints (needed in a real plant), C, with
the input and output of the plant (ju| < €, and |y| = €,). Then, with the objective of establishing the
operation limits of the micrognd, it 1s necessary to define the constraints that will delimit the space of
possible solutions for the multi-objective problem, calculated from the quadratic optimization algorithm
[52]. In general, the constraints must be defined considering the boundaries of the control action and the
desired system response, (22):

Altpyin < Al < Altgype

Unin < U < Unnar (22)

Ymin S ¥ = Vmax

Where Au represents the input vector to the plant before the integrators, whose output vector is u.

Obviously, in the microgrid presented in Figure | and expressions ( 1)-(2), the constraints are closely related
to its physical limits as shown in (23):

S0Cmin = 50C = 50Cmax

HLmin = HL = HLmax

Vpaemtin = Vypgp = Vpgemax

Coys =0

Dy =0

Dy z0

Loss=0

LPSP =0 (23)

—Pmaxpa gie. = Frar = PMOXpar g

—Pmaxp < Pyz = PMaXe,

—Pmaxgria,, S Pgria S PMaXgeia,,,

Phgrtttinn = Pogy = Ppepiax

—APMAXy.y gise = APpqy < APMAX g,

—APmaxp, < APy; < APmMAxe,

—APmaxgria,, = APgria = APMAxXyria,,,

Where the criterion taken regarding Figure 1, following the state-space discrete model (2) has been that

the delivered power is negative and the consumed is positive. This is the sense of signs in term that involves

P and AP constraints. Then, for example, —Pmaxy, ;  represents the highest battery bank power value

(negative because it i1s supplied to the bus) allowed during the battery bank discharge. However, the case
of P,,,. as assessed in [X], represents the net power of the micro grid; thus, taking into account that the only
primary source is renewable, the net power is the one that remains from the primary source once extracted
that consumed by the loads and the losses. Then, from Figure 1, considering that the microgrid must be
balanced all the time Phep = Fren — Pigag — L0SS = Pyar + Pyz + Pgrig. The maximum and minimum values
will be given for situations of maximum renewable production and zero demand (positive); and maximum
demand with zero production (negative) respectively.

In order to make the correspondence between the constraints shown in (23) with those of the standard
form Pz = &, the problem is reduced to three mmequalities: future control actions constraints; plant input
constraints; and plant output constraints.

2.5.1.- Constraints of the Future Control Actions

Future control actions can be positive or negative, and following the optimization procedure (Pz < §),
the constraints can be defined, taking into account (22), from the two following inequalities: Au < Aw,.
and —Au < —Abiy,, e, as (24).
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Aulk) Aum,
Aulk +1) [aum,l
[ ] u(k + N, — 1)) = (24)
-1 — 0 Aulk) — Aty
[ P i Ml + 1) —Au
0 - -1 ; :
ulke + N, — 1)) |—hu,

2.5.2.- Constraints of the Plant Inputs

Following expression (22), the constraints of the plant inputs (after integrators) can be defined from the
two following inequalities: ¥ < gy and —u = —lipmi,. Hence, taking into account (3) and operating as in
(24), the result is (25).

z &
[ fu [tmax — u(k —1)
T o] | Autk+1) [um—um—n
L 1] ulk + Ny — 1M < |wgge —uik—1) (23)
-1 - 0 Aulk) — Uiy +ul(k — 1)
[ Pow 8 Aulk + 1) ‘ I—um,-,, +u(k—1)
-1 - -1 : :
uCle + Ny — ) |~ +ulk — 1)

2.5.3.- Constraints of the Plant Output
From (22} and the model of the plant output prediction (13), the constraints can be defined from two

inequalities: FE(k) + Kv+ Ed + HAu < ¥, and —(FZ(k) + Kv + Ed + HAu) < —y 5. Accordingly, the
equivalent matrix inequations are (26).

Aulk)
ﬂu(k +1)

&
n Auk + Ny = 1)) < [imax — (FE(K) + Kv + Ed)] (26)
[-H]]  Augk) [~Vimin + (FE(k) + Kv + Ed))]
Au(k + 1)

Bu(k + Ny — 1)

2.6.= MPC Cost funcrion. Guidelines for Parameters Tuning

To define the cost function of the MPC controller proposed for the general micrognd presented in Figure
1, the varables included into the micrognd model, expression (1), will be included into the general
expression of the cost function (15). Then the cost function of the microgrid will be (27).

2
Jie = @y (k) (S0C(Kk) — 506, ())° + az () (HLG) — HL(K))" + a3 (k) (Via (k) = Viae, (K] +
+ g (k) e (h) + as (kD (k) + ag(k)DF, (k) + ez (k) Loss? (k) + aa (K)PE, (k) + aa (k) P2 1 + 27)

2
+ (k) (Pm (k) — Pm,(k}) + 41 (k) APyae () + A3 (kAP (k) + A3(k)APS 10 (k)

Where at sampling time k, «; are weighting factors corresponding to the first addend of (15), i.e., outputs
deviations; and 4; to the second addend of (15), i.e., control efforts. Figure 3 shows the general scheme of
the system: renewable sources-based smart microgrid with hydrogen as backup + MPC controller + Cost
Function. The meaning of each parameter 1s:

S50¢: Measured battery bank state of charge (%).

50c,: Reference of the battery bank state of charge (%).
HL: Measured hydrogen level (Nm*).

HL,: Reference of the hydrogen level (Nm?).

Vpae: Measured battery bank voltage (V).

Vbar,: Reference battery bank voltage (V).
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Ceye: System cost (€/T,).

Dy Battery bank degradation (AWT,).

Dy, Hy system degradation; (hfT,) for the electrolyser and (V/T,) for the fuel cell.
Loss: System total losses (W),

Py>: Power consumed/supplied by Hz system (W).

Pyriq> Power consumed/supplied from/to the electrical grid (W).

Poee: Net power in the micrognd (W),

Pier,: Reference net power in the micrognd (W).

Py,.: Battery bank power (W),

Microgrid
SOC(ky—
Fiar(k) —
*HL{k)~
Capik) | Logs (K]
Poge(k) ~———14 i
Frelk) B
! MPC A
Poas (k) <4 ———— T 2 o)
Faria(k) —2—— k), A k)=

Figure 3. MPC controller architecture over the proposed hydrogen-based microgrid.

Once the objective function to be mimimized has been defined in (27), as well as the constraints to take
into account from (23) to (26), it 1s necessary to calculate the values for the weighting factors a; and 4, as
well as the control and the prediction honzons Ny, and N, respectively (15), to obtain a desired system
response [55][48] on the short- and long-term basis.

For this purpose, taking into account there 1s available a great amount of measured data and the
“intelligence™ that it has over its operation, the tuning process can be faced in a heuristic way. There is a
set of cause-effect relationships that can help the tuning process.

2.6.1.= Short-term Optimization

In the microgrid short-term operation, the aim is to guarantee the power balance with the most renewable
generation input as possible, while the battery bank charging process follows a controlled voltage protocol.
Then, the parameters to take into account in the short-term are control and prediction horizons N, and N,
and from the cost function (27) are: the weighting factors related to the battery bank (ay,as); stored
hydrogen level (a,) and power balance (x,,); also the weighting factors related with general losses (&) and
Hz system operation (ag). Additionally, the weighting factor a, related to Fgyyy should be included in the
short-term because in case of excess energy or deficit the micrognd must be connected to the external gnd
selling or buying energy to/from it.

2.6.1.1.- Control and Prediction Horizon

The selection of the control and prediction honizons N, and N, respectively, are intimately linked with
the system dynamics and the close loop stability. In the case of a fast dynamic system, it is unnecessary to
use high control and prediction honzons because it must reach shortly its permanent regime. From this
moment on, the output signal remains constant and, therefore, the subsequent temporal evaluation is
needless. In contrast, for a slow dynamic system, the use of a relatively high control and prediction horizons
is necessary in order to evaluate the performance of the system throughout its transient response.

In this case, where the plant is the hydrogen-based microgrd shown in Figure 1, the choice of the control
and prediction horizons will depend on the desired behaviour as well as the dynamics of electrical
generation and demand. It is advisable to use medium control and prediction horizons, due to the need of
implementing constraints in the variation of the control signal, which will impose a slower system dynamic.
If the constraint of the control variation is very strict, it can cause the multi-objective problem to be
unfeasible. In order to find a reasonable solution, it is recommended to increase the control and prediction
horizons so that the controller can evaluate the transient response impose by the constraints.

2.6.1.2.- Weighting Factors of the Reference Tracking Error

The weighting factors of the reference tracking error (@, a3, @a, @t14) provide the controller to impose the
priority of the objectives according to the current state of the micrognd.

The main objective of short-term optimization is to safeguard the power balance at any time. For this
reason, the weighting factor associated with the net power tracking error (@,,) must have a high value (1t 1s
a strong constraint), in such a way that a high difference between P,,, and P,,,,, should be punished.
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Weighting factors ay and @, are related to energy storage systems (battery bank and hydrogen
respectively), so they must guarantee the following: e, is responsible for maintaining of optimum battery
bank SOC; and &, preservers the optimum stored hydrogen level. Therefore, both weighing factor need to
have high values because the MPC controller must respond quickly if there is an increasing error in the
tracking reference. However, the key is the ratio between both weighting factors, which will permit to
define the optimal energy distribution between batteries and hydrogen storage system.

In special applications, where it is required from the microgrid to maintain a certain level of hydrogen,
tr; must be considered a high value, and therefore, the use of electrolyser and fuel cell will be made solely
based on the hydrogen stock. In this sense, electrolyser and fuel cell will be putted into operation when the
current hydrogen level is lower or higher than the reference level respectively, independently of the power
balance and energy requirements.

On the other hand, in cases where the objective of the system does not require maximizing hydrogen
production, but maintaining a desired reference hydrogen level, a; will have a low value, and the use of
electrolyser and fuel cell will depend mainly on the battery bank SOC and the current energy situation. In
this way, the use of electrolyser and fuel cell will be given for excess energy and energy deficit situations,
respectively.

Finally, the weighting factor wx; regulates the battery bank charge voltage control necessary to warrant
a safe and efficient charging process. The importance of this parameter will only make sense when the
battery bank voltage reaches a high level and there is an excess energy. For all other situations, this
parameter must have a low value to avoid indiscniminate use of the rest of the elements in order to guarantee
the reference voltage. Hence, @y must not have a fixed value but an adaptive value according to the energy
situation at each time. A way to solve @, tuning can be by using a fuzzy controller as can be seen in Section
32

2.6.1.3.- Weighting Factors of H2 system operation and total Losses

As in the short-term optimization the main objective is to safeguard the power balance at any time, the
term in (27) related to operating power of Ha system, ag. must be low, even more taking into account that
the term Py, is squared. In this sense, a reduced value of the parameter @y, will favour the use of the H,
storage system as another key element in the problem of energy distribution, making use of the system's
own resources when the battery-based storage system cannot cope with the energy imbalance. On the other
hand, the weighting factor a,, linked to total Loss (losses in battery bank, fuel cell, electrolyser and losses
associated with power electronic systems), must be small. In order to safeguard the power balance at any
time, the losses in the microgrid must not determine its operation.

2.6.1 .4.- Grid exchange energy flow

The use of the grid will be determined by the definition of dependence and interaction between the
microgrid and the general electrical grid. Then, it is possible to define as many cases as possibilities,
depending on the energetic situation, regulatory framework, etc.

Thus. isolated topologies or configurations whose objectives are to maximize the
production/consumption of hydrogen, the weighting factor of the use of the general gnd (as) must be
represented by a high value. The purchase/sale of energy is penalized to the detriment of a more intensive
use of the battery bank and H: system.

By contrast, in the case where it 1s desired that the micrognd acts as an active generation/storage system
within the local electrical system, constantly allowing bidirectional energy exchange according to the
intraday electricity market, the weighting factor aq should be reduced.

Finally, it can be found hybrid solutions, in which the energy flow between the microgrid and the
electrical grid is only penalized in one way, that is, in the purchase or sale of energy. In this type of
applications, the solution is a hybrid of the previous cases, in which a high value of the weighting factor
will be used for the vetoed action, while for the favourable case, reduced values will be used. An example
of this type of applications can be found in micrognds based on recent regulations of the Spanish electricity
system. Here the objective is to guarantee maximum dependence on the gnd, and at the same time the sale
of energy can be considered as a positive contribution representing an economic benefit, or a reduction in
the annual amount of the electric bill.

2.6.1.5.- Weighting factors of the Control Vector

The weighting factor of the control vector, 4,, 4; and A5, allows the MPC controller to define the
desired dynamics of the microgrid punishing strong variations of the operating point of those systems that
better work under low dynamic operation, i.e. electrolyser and fuel cell. In this case, the weighting factors
allow defining which subsystem will supply or absorb energy based on power balance dynamics.

Then, a reduced value of the weighting factor related to the battery bank power, 4,, i1s recommended,
but always above zero to guarantee the convexity of the objective function. Battery bank must present fast
response dynamics versus transients. In contrast, the Hz systems require more conservative operation, so,
Az, will have a medium-high value.
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The weighting factor associated with the use of the external electrical gnd, A5, will depend on its role
and the priority of the economic term in the cost function. In this sense, if it is necessary to maximize the
economic performance of the microgrid based on the electricity market, it is important to reduce this
weighting factor (always greater than the battery bank factor) with the aim of being considered an
altermative in the energy distribution thanks to a reduced punishment.

Nonetheless, if it is necessary to prioritize the use of the renewable resources instead of the external
electrical grid, it is advisable to increase the weighting factor A3 to punish the exchange of energy between
the micro grid and the external gnd.

2.6.2.- Long-term Optimization

The weighting factors of the long-term optimization (a,, ag, ;) secks the most out of the performance
of the micrognd while prolonging its useful lifetime. The optimization should respond to the objective of
costs minimization (o, C}F] and the minimization of the battery bank and Ha systems degradation (agDZ,,
and agD?%;), while they guarantee a minimum electrical importation from the external grid.

2.6.2.1.- Operation Casts

The weighting factor a; determines the weight of the economic objective in the energy management
strategy. Therefore, this parameter should have a high value when the microgrid is designed to provide
maximum economic benefits.

2.6.2.2.- Lifetime

The weighting factors that represent the battery bank and Ha system degradation (ws, @g). should not
have fixed values but adaptive according to the cumulative degradation of the systems in such a way as to
avold the use of the most degraded ones.

For this purpose, a linear function is proposed (28), which allows calculating the updated weighting
factor based on the accumulated degradation.

afk+1)=a

i=k =
Ei:l;) D.(i) +b (28)

Litickx
Where:

&, (k + 1): Degradation weighting factor of the element x at sampling time k + 1, with x =35 (battery bank)
or 6 (Hz system).

D.(i); Current degradation of the element x at sampling time i, with x =5 (battery bank) or 6 (Hz system).
D, .- Maximum expected degradation of the element x, with x = 5 (battery bank), 6 (H2 system).

Expression (28) can be tailored to the case of the battery bank (29), electrolyser (30) and fuel cell (31),
respectively.

i=k i
ol + 1) = q, 2= DoaeD (29)
'Dbf.llmu
o Doyl
g ere (e + 1) = L RO (30)
lermu’
i=kp
gk + 1) = ay 22 2re@ 31

Df‘mﬂx

Scalar coefficients, from a; to bs, can be estimated from the manufactures” datasheets and/or by a trial
and error procedure based on experimental tests. If a data historical series of the different elements is
available, a precise assessment can be camry out.

Finally, based on the proposed tuning methodology, Table 1 summarizes the cause-effect relationships
of each weighting factor on the performance of the micrognd MPC controller.

Parameter Means
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ﬂ' losses. Techn ical *  Higher efficiency operation.
7 “l']':ﬂil"":: EACRCHRCS »  Reduced penalty on equipment with low cfficiency (Hz system).
operating efficiency. s Thelhs . g
: system acts as the maim long-term energy storage system.
#  Lower efficiency operation.
* Reduced use of Hy system.
Weighting factor of #  The grid acts as the main long-term cnergy storage system.
. operation set point of Hy »  High gnid dependence.
- Eymirm, Pz (control * Priontization of H; system.
signal) »  H2 sysicm acts as the main long-term energy storage system.
*  Low grid dependence.
* Priontization of Hz system and, to a lesser extent battenics.
*  The Hy system acts as the mam long-fenm cnergy storage system.
. Weighting of the control * Low grid dependence.
* signal Porig » Reduced use of Hz system and batterics as well.
#  The grid acts as the main long-term cnergy storage system.
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»  High limitation of APyg,. Slow dynamic response versus transicnis.
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*  High limitation of APy, Slow dynamic response versus transients.
T #  Battery bank or grid must deal with transients in the power balance.
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4 *  H; sysicm operates in conditions of slow dynamics.

s  More cfficient and conservative operation of H system.

III. CASESTUDY

In order to validate the proposed MPC controller and tuning methodology, a case study is used that
consists on the renewable sources-based microgrid with hydrogen as backup, made available for this
research by our Research Group at the University of Huelva (UHU). In this section, the microgrid will be
firstly described giving its technical characteristics. Next, the parameters tuning calculation used i the
MPC controller as well as the constraints considered will be justified. Finally, simulations results
corroborated with experimentation will show the performance of the micrognid both on the short- and long-
term basis. The software tool used to implement the state-space model developed in [X] and the MPC
controller designed in Section II is Matlab®.

3.1.= Description of the renewable sources-based microgrid with hyvdrogen as backup

In the renewable sources-based microgrid with hydrogen as backup available by the Research Group
TEP192 at the (UHL), Figure 4, there are two main renewable generation sources: a photovoltaic (PV)
array based on monocrystalline technology and a wind turbine with horzontal axis.

In the first instance, as energy storage systems there is a lead-acid battery bank with direct connection
to a high voltage DC bus. Due to the direct connection of the battery bank to the DC bus, it is necessary to
implement a charging control protocol for guaranteeing an optimum voltage operating range.

Additionally, the micro grid includes a Hz backup system that is integrated by an alkaline electrolyser
(for hydrogen generation), a PEM fuel cell (for electricity generation from hydrogen consumption), a
medium pressure hydrogen gas tank and metal hydrde tanks for the hydrogen storage.

To allow the energy exchange between the external electrical grid and the renewable sources-based
microgrid, there is a commercial inverter (for injection to grid), and a programmable DC source (for
consumption from grid). The programmable DC load can be used to simulate the load demand profile.
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Figure 4. UHU renewable sources-based microgrid with hydrogen as backup.

The techmical characteristics of the different systems s are summarized in Table 2.

. Nominal .
Equipment capaity Cost Degradation
Photovoltaic pancls S5kW
‘Wind turbine 2kW
Hydrogen storage 5 Nm?
. 3 Electrolyser cost: 75000 € .
Electrolyser S5kW, INm El lyser O&M cost: 0.1 €h Dﬂ_,_“_ 10000 h
- Fuel cell cost: 3000 € Dye, e 100 mV/eell
Fuel cell S L Fuel cell O&M" cost: 0.1 € Fuel cell deg. Ratio: 10 pVicellh
Battery bank cost: 7650 € Hat deg. Ratio: 0.000676
bank 400 ¥, 100Ah Battery bank Q&M - 0.001 .
Battery ay = Dogren.: 40 Ab
et el Grid selling cost: -0.03 E/AWh
Programmable DC source 15 kW
Programmablc load 10 kW

Tt e e
3.2- MPC Controller and Tuning Parameters

The MPC controller 1s based on the developed state-space model (1 ) and the developed theoretical MPC
foundation in Section 11, considering the output prediction model (13) and the obtained cost function (27).

The weighting factors have been calculated following the design guidelines presented in Section 2.6. In
order to implement the proposed tuning methodology, based on the comparison between the values of the
welghting factors, all system outputs have been scaled at a rate of 0-1 based on the maximum and minimum
limits established by the actual constraints of the microgrid (33 ). Then, applying a weighting factor of value
300 on an output variable and a value of 30 to another output variable indicates that the ratio of importance
of the first with respect to the second is 10 directly.

In this particular case, the main objective of the microgrid is to guarantee at all times the power balance,
from a safe, conservative and efficient use of the battery bank. electrolyser and fuel cell, giving priority to
the use of the microgrnd’s resources, instead of the external gnd utilization. For this, the battery bank
operation 1s defined as a short-medium term energy storage system, while the electrolyser and fuel cell wall
act as a long-term energy storage system in such a way that they support the battery bank operation in
extreme cases while the hydrogen level permits it.

Mentioning the foregoing, the use of the external grid will be limited to the objective of making a more
conservative use of electrolyser and fuel cell, while at the same time it 1s possible to obtain an economic
performance with the sale of the energy surplus.

Based on the above, a very high value of the net power weighting factor (a,,) has been defined, with
the aim of guaranteeing at all times the power balance in each sampling period. Similarly, a controller based
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on fuzzy logic has been proposed for the calculation of the weighting factor of the battery bank voltage
(axy), so that depending on the sign of the power balance, the working voltage and the energy surplus, it
allows to control the battery bank charging voltape within established limits in accordance with the
manufacturer's specifications.

Finally, in order to define the operation of the battery bank, electrolyser and fuel cell, a high value of
the weighting factor of the battery bank SOC (). and a reduced value of the weighting factor of the
hydrogen level (&, ) have been used. With this, the use of electrolyser and fuel cell is determined exclusively
by the energy situation of the system, and not by the hydrogen stock. Based on the above, the operation
around the SOC reference defines the role of batteries as a short and medium term storage system, while
the H: system acts as a long term storage system, acting in support of battery bank in situations of high and
reduced SOC.

In order to define the prionty in the use of the equipment, H> system vs. external gnd, a very low value
of the weighting factor of Hz system (ag) has been opted against a high value of the weighting factor of the
grid (zg), in such a way that the use of the external grid is strongly penalized against the H; system.

Because in this case the economic optimization is not the main objective of the microgrid operation, a
low-medium value of the operation cost weighting factor (&,) has been considered. So that the use of
systems within the microgrid, as well as the energy flows between the microgrid and the general grid, are
mainly defined by techmical critenia, although cost minimization eritenia are also contemplated mn second
Instance.

The degradation parameters for battery bank (as), electrolyser {ag es) and fuel cell (ag_s.) have been
defined based on the linear function presented in (28). In this way, the degradation weighting factor wall
mncrease with the use of the systems. The slope of the linear function gives the maximum value of the
weighting factor. In this case, taking into account the high cost associated with electrolyser and fuel cell,
the slopes of their associated degradation functions (a; and a,) are considerably higher than that of the
battery bank degradation (a; ). Then, Hz system degradation is more penalized and allows a longer lifetime.
In this case, a similar function for electrolyser and fuel cell has been chosen because they have very similar
established operating charactenstics.

Finally, according to the objective of taking advantage of the internal resources of the microgrid, the
weighting factor associated with the operating losses (@;) has been kept very low, so that it does not
influence the energy distribution between systems, penalizing the use of H; system.

Based on the weighting factors of the control signal variation (4, d; and A3), very small values have
been chosen, because the terms of the control signal have not been scaled, and therefore the square of the
values of any power increase causes a very high value with respect to the parameters associated with the
output tracking errors.

In this case, the use of the battery bank as a short-term storage system has been chosen, acting against
any transient in the microgrid, and that is why the weighting factor 4, . acquires the lowest value. In order
to maintain a safe and efficient operation of the electrolyser and fuel cell, a relatively high weighting factor
of 4;, has been chosen, which ensures slow dynamic operation. Finally, to guarantee the use of battery bank
in the first instance, as well as to preserve the slow dynamics of the H: system, the weighting factor of the
grid power variation, A3, has a value ten times lower than the parameter Az. This allows absorbing slow
dynamic changes in the power balance, in favour of electrolyser and fuel cell; as well as a value much
higher than 4,. guaranteeing the role of the battery bank in the energy storage system. The main parameters
of the MPC controller (except a;) are summarized i Table 3.

Table 3 — Controlle
Parameter Value Parameter Value
Nu, Np 10 Eyg 5000
Ty 300 Ay 10
T 0.01 Az 5 1074
T, 2 A 5 1079
=k
s ﬂ +0.1 T i0s
Dbatyay
i
Dels,
ap Tz Delst | 0.1; if By, >0
g ED,:,L""“f SOCrer £5%
i=n D f )
20 Df o +0.1; if Pre >0
ay 0.01 HLyep 4 Nm?
g 0.01 Vaa,,., 400V
Ty 20 Pt Bron = Prgaa™

Finally, in order to fit the weighting factor of the battery bank voltage &3, a Mandam fuzzy controller
has been implemented that allows for calculating the optimal weighting factor regarding the power balance
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and the current battery bank voltage. Table 4 and Figure 5 show, respectively, the inference matrix as well
as the membership functions and the output surface of the proposed fuzzy controller.

1 VH
1 VH

<
B o e

> Vot Pret (W)

Figure 5. (a) Battery bank voltage membership functions. (b) Microgrid net power membership functions. (¢)
Weighting factor @, membership functions. (d) Fuzzy controller output surface.

3.2.2.- MPC Constraints
Considering the size of the actual microgrid, its maximum power capability and the manufacturer’s
recommendations for each connected system, the multi-objective function is subjected to the following
constraints, (33):
55% < SOC < 90%
2Nm? < HL < 5Nm?
330V < Vpge <430V
Cys=0
Dpge 20
Dy220
Loss =0
LPSP =0 (33)
—5000 W < Ppgr < 5000W
—2000 W < Py, < 5000 W
—5000 W < P,y < 5000W
—5000W < P, < 5000W
—5000 W < APpge < 5000 W
—500W < APy, <500W
—1000 W < AP, ;4 < 1000 W
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3.3.- Simulation & Experimental Tests

In order to validate the design methodology of the MPC controller and tuning guidelines, the proposed
algonithm has been evaluated both on the short- and long-term basis. In each case. the plant response
(hydrogen-based micrognd + controller) 1s tested under these two situations. On the short-term basis, the
plant is checked for excess energy and deficit situations (case ). In contrast, in the long-term case, it is
analysed the response of the plant when battery bank and H: system suffer high degradation (case 11 and
case III respectively). In order to subject the micrognd to greater stress, it 1s considered the most
unfavourable situation in the micrognd area, 1. e., there 1s no wind (at the micrognd site, the average
sunshine hours per year is 3.120, the highest in Spain; however, there are often days with virtually no wind,
at least the minimum necessary to start the wind turbine).

3.3.1.- Case I. Short-term Optimization. Simulation test

In this case, the aim is validating the performance of the microgrid under conditions of high excess
energy and high deficit. This case represents the most unfavourable situation for the controller. The initial
conditions of the plant are defined by a battery bank SOC of 65% and a hydrogen level of 4.5 Nm®. An
equivalent degradation (0%) is considered in all systems. The renewable generation and load profile is
shown in Figure 6a.
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Figure 6. Performance of the plant + MPC controller in case I: high excess energy and high deficit. a) Renewable
power (there is no wind, only PV) and load power; b) battery bank voliage; ¢} battery bank S0C: d) stored hydrogen
level; &) battery bank power; f) Hz system power; g) external grid power.

3.3.2.« Case Il and III. Long=term optimization. Simulation test

The objective of the simulations presented in case I and case 111 is to validate the tuning methodology
of the MPC controller parameters in the long-term optimization. For this purpose, the controller and the
microgrid are subjected to situations of high battery bank degradation (case II) and high fuel cell and
electrolyser degradation (case I1I).

a) Case II. Long-term optimization. High battery bank degradation

In this particular case, a high degradation of the battery bank is considered (75% of maximum
degradation), while the degradation associated to the H; system is relatively low (25% of maximum
degradation). The initial conditions of the system are similar to those used in the Case 1. The renewable
generation and load profile is shown in Figure 7a.

a) b) c) d)
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Figure 7. Performance of the microgrid + MPC controller in Case I1: high battery bank degradation. a) Renewable
power (there is no wind, only PV) and load power; b) battery bank voliage; c) battery bank SOC; d) stored hydrogen
level; e) battery bank power; ) Hz system power: g) external grid power.

by Case II. Long-term optimization. High electrolvser and fuel cell degradation

In this particular case, a high degradation of electrolyser and fuel cell i1s considered (75% of maximum
degradation), while the degradation associated to the battery bank is considered low (25% of maximum
degradation). The initial conditions of the system are similar to those used in Case I. The renewable
generation and load profile is shown in Figure 8a.
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Figure 8. Performance of the microgrid + MPC controller in Case I11: High degradation on Ha system. a) Renewable
power (there is no wind, only PV) and load power; b) battery bank voliage; c) battery bank SOC; d) stored hydrogen
level; e) battery bank power; ) Hz system power: g) external grid power.

3.3.3.- Case IV and V. Short-term optimization. Experimental test

Now, the results of several experimental tests on the micrognd of Figure 4 are presented. The actual
control architecture of the microgrid is based on the two-level structure presented in Figure 2. The main
objective of these tests is to validate the behaviour of the designed controller under real short-term operating
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conditions. Due to the high cost of the equipment and the need for a large number of tests, long-term tests
have been validated only by simulation.

In order to check the response of the microgrid-controller set against any possible energy situation, the
system will be tested against cases of excess energy and deficit for operating limits situation, which define
the most restrictive operating conditions of the system.

¢) Case IV. Excess energy situation

In this case, the plant has been subjected to an excess energy condition under a stored energy level,
given by the SOC and the HL close to their higher limit. For this, two different tests have been carried out
in which the microgrid is studied against a situation of excess energy for a variable operation (1); and
another low dynamic operation with saturation in hydrogen production (2). The objective is to validate the
behaviour of the MPC controller in the face of a limit charge situation. The initial conditions of the
microgrid are defined by a battery bank SOC of 70% and 80%, and a hydrogen level of 4.5 Nm®and 4.8
Nm®. An equivalent degradation (10%) is considered in all systems. The renewable generation and load
profiles are shown in Figure 9a and Figure 10a respectively for (1) and (2) situations.
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Figure 9. Actual microgrid performance + MPC controller in case I'V: excess energy for a variable operation (1). a)
Renewable power (there is no wind, only PV) and net power in the microgrid; b) battery bank power and H; system
power; ¢) battery bank voltage and current; d) battery bank SOC and stored hydrogen level.
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Figure 10.Actual microgrid performance + MPC controller in case I'V: saturation in hydrogen production (2). a)
Renewable power (there is no wind, only PV) and net power in the microgrid: b) battery bank power and Hz system
power: ¢) battery bank voltage and current; d) battery bank SOC and stored hydrogen level.

d) Case V. Energy deficit situation

Unlike the previous case, in this test the system has been subjected to an energy deficit condition under
a stored energy level, given by SOC and HL, close to their lower limit. The objective of this case study is
to validate the behaviour of the MPC controller in the face of a limit discharge situation. The initial
conditions of the system are defined by a battery bank SOC of 57.5% and a hydrogen level of 3.6 Nm®. An
equivalent degradation (10%) is considered in all systems. The renewable generation and load profile is
shown in Figure 11a.
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Figure 11. Actual microgrid performance + MPC controller in Case V: energy deficit situation. a) Renewable power
(there is no wind, only PV) and net power in the microgrid; b) battery bank power and H2 system power: c) battery
bank voltage and current; d) battery bank SOC and stored hydrogen level.
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IV. DISCUSSIONS

Regardless of the case study, on excess energy situation, the battery bank deals firstly with excess
energy, due to its priority of action defined by the reduced value of the weighting factor of the control signal
variation (A, ), until it reaches the desired charging voltage (400 VDC). Please see Figures 6e (t < 10 h), Te
(t< 10 h), 8e (t < 10 h) as well as even faster in 9b and 10b. Thereafter, the MPC controller regulates the
charging power to keep the battery bank voltage around the reference with an error lower than 1%,
regardless of the case under study (Case I-IV) and the system operating conditions: low dynamic (Case I,
IL, 1T} or variable operation (Case I'V). Please see Figures 6b (4 h<t< 10h), 8b (7.5 h<t< 10 h). 9c (1=
0 min) and 10c (t > O min). From this moment, the charging battery bank protocol based on fuzzy logic
controller guarantees a safe and efficient charging process according to the battery bank charge acceptance
curve, up to the maximum SOC defined by the system constraints (SOC = 90%). Please see Figures 6c and
8c(75h<t<10h)

Based on the proposed tuning method, the MPC controller regulates the charging process making use
of a perfect synchronism between battery bank, electrolyser and external grid, based on the battery bank
charge acceptance curve and system dynamics; according to the weighting factors of control signal vaniation
(4. A; and A;), battery bank and H: system accumulated degradation and performance prionty of each
system (determined by @5 and ag). In this sense, the excess energy is used in the safest and most efficient
way following design considerations, i. e., prioritizing the hydrogen production instead of selling energy to
the external grid. This can be clearly seen in the battery bank, electrolyser and external grid operating power
profiles presented in Figures Ge-g (t < 10 h), Te-g (t< 10 h), 8e-g (t < 10 h) as well as even faster in 9b and
10b.

Attending exclusively to the control signal variation, it is verified that under dynamic operating
conditions (Case IV, excess energy situation (1)), the use of the electrolyser 1s heavily penalized due to the
specified constrains in the operating power vanation. In accordance with the above, the extemnal gnd acts
virtually as a battery bank charge regulation system, Figure 9a-9b (t > 215 min).

In contrast, being an operation with a much lower dynamics (Case [ and Case IV excess energy situation
(2)), 1t 1s allowed to prevail the operation of the electrolyser against a small percentage of energy destined
for sale to the external grid, Figures 6e-6g (5h <t < 10 h) and 10a-10b (t > 5 min).

Similarly, based on the influence of systems degradation, the increase in the use of the electrolyser will
be associated with an increase in its degradation and, therefore, a more conservative use will be required to
make the system degradation more representative. The proposed adaptive tuning method for the weighting
factor of the electrolyser degradation (ag). will allow to increase the associated term on the cost function
of the system (27), which will result in less use of the electrolyser to the detriment of greater use of batteries
and external grid. Please see case Il in Figures 8e-8g (10 h < ).

Finally, in case that the hydrogen level approaches the maximum capacity of the hydrogen tank (5 Nm?),
a controlled switch-off of the electrolyser is carmed out. Then, the external grid 1s responsible for
guaranteeing the power balance and the management of the battery bank charging protocol. Please see
Figures 6d-6g (8 h<t= 16 h), 7d-Tg (6 h<t =12 h), 10b and 10d (t > 70 min).

Given the energy deficit situation (Case V), the reduced weighting factor of the battery bank power
variation term (4, ), makes the battery bank absorb instantaneously the transients in the net power set point
in order to cover the demand. Please see Figures 6e (t > 10 h), Te (t> 10 h), 8¢ (t > 10 h) and 1 1b (around
50 min). Once the battery bank SOC is lower than that designated as optimal by the reference (SOC = 85%),
the fuel cell and, in less intensity, the external grid, go into operation to reduce the excessive use of batteries.
Please, see Figures 6c, 6e and 6f (t > 15 h); Figures Tc and Te-7f (t > 10 h); Figures 8c and 8e-8f (t > 12.5
h) and Figures 11b=c (t > 0 min). The energy distribution between battery bank and fuel cell is defined
mainly from the term associated with the tracking error of the reference of the battery bank SOC, the
dynamic impose by the weighting factors associated with the control signal variation (4, and 45) and the
current degradation, which directly influences the weighting factors of the degradation of batteries and the
Ha system (a5 and ag).

According to the proposed tuning method, the increase in the use of the battery bank will be associated
with an increase in its degradation and, therefore, a more conservative use will be required to make the
battery bank degradation more representative. The adaptive tuning method for the battery bank degradation
weighting factor (ag) will allow to increase the associated term on the cost function of the micrognd (27),
which will result in a lower use of the battery bank to the detriment of greater use of fuel cell and external
grid, Case I1, Figures Te-Tg (t> 10 h).

Having reached the minimum battery bank SOC (55%), it is the fuel cell and the external grid which
guarantees the power balance. Please see Figures 6¢ and 6e-6f (t > 17 h), 8c and Be-8f (t> 18 h), and 11b-
¢ (t = 47 min)). The energy distribution between battery bank and fuel cell is defined mainly from the
weighting factors associated with the use of each system (g and g), the dynamic impose by the weighting
factors associated with the control signal variation (4, and A;) and the current degradation which directly
influences the weighting factor of the Hz system (ag).

Thus. in case of reduced degradation of the fuel cell, its operation prevails over the use of the external
grid, thanks to the use of a lower weighting factor (og < @g) to maximize the use of the energy resource
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available, Please, see Figures 6e-6g (t = 10 h) and 11 b (5 min < t < 90 min). Although the priority 1s
established by the design considerations, the external grid will behave like a backup system to act against
changes in the net power set point, thanks to the lower restriction in the variation of the working power
(A3 < A;), in order to maintain a low dynamic and more conservative fuel cell operation.

According to the proposed tuning method, the increase in the use of the fuel cell will be associated with
an increase in its degradation and, therefore, a more conservative use will be required to make the fuel cell
degradation more representative. The adaptive tuning method for the weighting factor of the fuel cell
degradation () will allow to increase the associated term on the cost function of the micrognd (27), which
will result in a lower use of the fuel cell to the detriment of greater use of battery bank and external grid,
Case III, Figures 8e-8g (t = 10 h).

Once the hydrogen level approaches the lower limit (Figures 6d (t > 20 h), 7d (t> 15 h) and 11d (t >
105 min)), the controlled shut down of the fuel cell proceeds and it is ultimately the external grid which
meets the demand ( Figures 6g (t>20h), 7g(t>15h)and 1 b ( t> 105 nun)), in order to prioritize satisfying
the demand through the microgrid resources. Unlike the previous case, due to energy deficit in the system,
the implementation of battery bank charge voltage controller is not required.

V. CONCLUSIONS

In order to ensure a safe and efficient operation of renewable energy micrognds, it 1s necessary the
implementation of energy management strategies, which take into account all the characteristics of the
microgrid and allow the supply of demand to be guaranteed at all times, optimizing the response of the
microgrid based on technical and economic criteria. This is especially important when the microgrid
includes hydrogen systems (electrolysers and fuel cells), due to its high cost and rapid degradation due to
misuse.

Based on the needs raised, MPC-based techniques place it as a powerful tool for the design of
multivariable controllers that optimize the response of the closed-loop system (micrognd + controller),
taking into account the restrictions associated with the physical or operating limits of the systems connected
to the microgrid. All this, together with the ability to predict and precede any change in the entrance, makes
the use of MPC controllers show great advantages over traditional control techniques.

Although previous works can be found in which the theory of predictive control is applied to hydrogen-
based micrognds, most present particularized solutions for the topology and application in question, greatly
hindering their dissemination and reproduction in other cases. These works present particular solutions,
which focus on the short-term operation of the microgrid, ignoring pivotal technical-economic criteria for
the optimization and operation of actual microgrids, both short and long term.

In order to respond to the lack of general solutions based on predictive control applied to renewable
sources-based microgrid, this paper has presented a methodological foundation to design a MPC controller
that can be applied to renewable sources-based micrognd with hydrogen as backup. The methodology 1s
general enough that it can be used independently of the micro grid topology.

The resolution of the multi-objective optimization problem has been carried out using a generalized
quadratic cost function. The weighting factors have been calculated taking into account the role of each
system connected to the micrognd, as well as technical and economic parameters based on the performance
of the actual systems, including considerations related to battery bank charging strategy, systems efficiency,
operating degradation or systems cost in accordance with the selected topology and application both in the
short and long-term.

The intrinsic difficulty in optimizing the multi-objective functions, as well as the large number of
parameters to be optimized. make the tuning process a very complex task. Although a mathematical method
to calculate the weighting factors i1s not presented, because they depends strongly on the micrognd topology
and the final application, different cause-effect relationships have been explained and guidelines that
facilitate the tuning process have been provided.

The MPC controller and the tuning methodology proposed have been checked in a case study, both by
simulation and experimental tests.

Attending to the test results, thanks to the predictive action of the MPC controller. the goodness of the
model used, as well as the proposed tuning method, it has been demonstrated the ability of the controller to
establish the proposed energy management strategy based on the design criteria and the operating limits
defined by the equipment restrictions.

Results obtained in the case study show the validity of the model and tuning methodology of the MPC
controller, offering a powerful tool to other researchers in the tasks of designing, controlling and managing
microgrids with renewable generation and the use of hydrogen as an energy carrier.
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Chapter 5. General conclusions

The experimental research comprising this Thesis has allowed obtaining several major

highlights and conclusions that are described hereinafter:

Every day it becomes more evident that there is a need to migrate from a centralized electric
model to a distributed model. Distribution systems based on fossil fuels require importing
resources and producing pollution. Migration models based on renewable energies will allow

generation of a low level of emissions and less dependence on oil.

Attending to the concept of Smart Grid, these systems are closely related to the use of
renewable generation systems. Despite the benefits of this technology, its dependence on
environmental resources makes it impossible to guarantee the energy balance between generation
and demand at all times. For this, the hybridization of systems is shown as a technical and viable
solution to solve or mitigate the problems associated with this type of technologies. In the
hybridization task, the use of different types of energy storage systems like battery and hydrogen-
based system is promising solution. Hydrogen-based storage systems usually faces more stable

power imbalances and, consequently, acts as a long-term storage system.

The use of this type of hybrid systems poses a complexity in terms of energy management
due to the high number of parameters and factors to be taken into account in order to guarantee

optimum energy distribution, depending on the application and the energy status of the system.

In this sense, certain aspects associated with the current operation of the systems, such as
the system topology, the need for a battery charge voltage controller, the degradation of the
equipment, the hydrogen-based system dynamics, the systems losses associated with the working

point, or parameters related to the quality of the electricity supply must be considered.

In order to ensure a proper operation mode of hybrid systems based on renewable energy,
guaranteeing demand and increasing system performance, it is necessary to use energy
management strategies. This leads to the need of a control system to manage the energy supplied
by each source, ensuring safe operation and fulfilling the design objectives. This control system
must be based on a proper energy management strategy that guarantees the load supply, increases
the lifetime of the elements, reduces the operating costs, and therefore maximizes the system
performance, providing a technical and economical feasible solution. According to above, the
design criteria of these strategies will determine the behaviour of the whole system, so it is very

important to define a proper energy management strategy.

There is a large amount of scientific literature in which different solutions are presented

regarding energy management algorithms aimed at controlling this type of systems.
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Depending on the type of algorithm used, the different solutions can be included in three
clearly differentiated groups; methods based on heuristic techniques, where the use of hysteresis-
based strategies prevails; methods based on artificial intelligence; and methods based on

optimization algorithms and multiobjective problem solving.

Within the last group, and with high growth in the last decade, the use of model-based
predictive controllers (MPC) stands out. The advantages over other types of techniques are clear;
it allows the use of multivariable control techniques, allowing solving multiobjective constrained
optimization problems, as well as implementing a control strategy based on a prediction horizon,
which allows the system to adapt the response of the controller based on future events, improving

the system response to merely passive control techniques.

For the design and use of predictive control techniques, it is crucial to have an accurate
model of the micro grid that allows having enough knowledge about it to design and analysis the
controller. In this sense, the particularity and high complexity of the models widely used in the
scientific literature, makes the process of designing controllers oriented to the implementation of

management strategies a complicated task.

With the aim of simplifying the modelling task and centralizing design efforts exclusively
at the level of supervision and management of the system, this Thesis presents a methodological
foundation to obtain a generalized model of the whole micro grid. The modelling methodology
used is based on the operating philosophy of an EMS, developing a general formulation based on
the operating powers of each device, according to the main parameters of the plant, which allows
a sufficient level of abstraction for its generalization and use in any other micro grid with a similar

configuration, regardless of technology, or working power range of the equipment used.

The proposed discretized state-space model includes all the necessary parameters for the
control of a real plant, including the terms associated with the energy status of the system, battery
operating voltage, as well as technical and economic parameters, such as degradation, losses or
operating cost, in order to define a system cost function that allows its generality for any type of
application or design criteria. This general model extended to all the operating range of the micro
grid and guarantees a better approximation with respect to those models mostly used in the

scientific literature because those one are linearized systems around a single operating point.

The features of the generalized model obtained from the proposed methodology (model
based on the entire operating range of each device and inclusion of the technical and economic
parameters) help to define multi-objective optimization problems, as well as serving as a

knowledge base in the design and implementation of model-based controllers.

The experimental results on each device and on the complete hydrogen-based micro grid

allow validating the correct behaviour of the proposed model under long-term simulations.
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Despite the large number of works that explore the use of predictive control techniques for
applications similar to the one presented, it is important to emphasize that the vast majority is
focused on simulation works, which obviates certain important parameters related to real system
management, such as the control of battery charging voltage, necessary to guarantee a safe and
efficient operation of the batteries. On the contrary, those experimental works make use of simple,
linearized models around a single work point, which has a negative impact on the quality of the

model, and therefore on the response of the controller.

Although different works can be found in which the theory of predictive control is applied
to hydrogen-based micro grids, most present particularized solutions for the topology and
application in question, greatly hindering their dissemination and reproduction in other cases.
These works present particular solutions, which focus on the short-term operation of the plant,
ignoring certain technical-economic criteria, crucial for the optimization and operation of real

plants, both short and long term.

In order to respond to the lack of general solutions based on predictive control applied to
renewable sources-based micro grid, this Thesis presents a methodological foundation to design
a MPC controller that can be applied to renewable sources-based micro grid with hydrogen as

backup. The methodology is universal enough that it can be used independently of the micro grid
topology.

The resolution of the multi-objective optimization problem has been carried out through
the use of a generalized quadratic cost function, whose weighting factors have been calculated
taking into account the role of each device in the micro grid, and technical and economic
parameters based on the performance of the real devices, including considerations related to
battery charging strategy, system performance, operating degradation or system cost in

accordance with the selected topology and application both in the short and long-term.

The intrinsic difficulty in optimizing the multi-objective functions as well the high number
of parameters to be optimized make the tuning process a highly complex task. Although there is
no mathematical method to calculate the weighting factors, because they depends strongly on the
micro grid topology and final application, different cause-effect relationships have been explained

and guidelines have been given that facilitate the tuning process.

Similarly, in order to consider the short and long term optimization of the system, limited
by the concept of the sliding horizon related to predictive control techniques, additional control
techniques are used, which act directly on the process tuning of the controller parameters. In this
sense, based on the history of the system, the parameters of the controller are recalculated, if
necessary, acting directly on the weighting parameters, in such a way that it allows adapting the

dynamic response or energy distribution according to the controller design criteria.
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The results obtained in the simulation and practical cases show the validity of the model
and tuning methodology of the MPC controller offering a powerful tool to other researchers in
the tasks of designing, controlling and managing micro grids with renewable generation and

hydrogen as an energy vector.
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Unmanned vehicles are increasing the performance of monitoring and surveillance in
several applications. Endurance is a key issue in these systems, in particular in electric
vehicles, powered at present mainly by batteries. Hybrid power systems based on batteries
and fuel cells have the potential to achieve high energy density and specific energy,
increasing also the life time and safe operating conditions of the power system. The
objective of this research is to analyze the performance of a passive hybrid power system,
designed and developed to be integrated into an existing Unmanned Ground Vehicle (UGV).
The proposed solution is based on six LiPo cells, connected in series, and a 200 W PEM fuel
cell stack, directly connected in parallel to the battery without any limitation to its charge.
The paper presents the characterization of the system behavior, and shows the main re-
sults in terms of performance and energy management.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction to passive hybrid power systems in

unmanned vehicles

relevant issues in the design, development and operation of
unmanned platforms due to its influence on the performance
and capabilities of the vehicle [1,2]. A majority of current un-
manned vehicles are powered with internal combustion en-

Unmanned vehicles offer multiple possibilities in industrial,
scientific and security applications, due to their ability to pro-
vide high quality data in real-time, at a lower cost than other
techniques. On-board energy storage is one of the most

* Corresponding author.
E-mail address: lopezge@inta.es (E. Lopez Gonzdlez).
https://doi.org/10.1016/j.ijhydene.2018.10.107

gines, mainly UAVs and UGVs, but in other applications (e.g.
UUVs and microUAVs) electric propulsion is the only available
option, which requires suitable energy storage systems to

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

BMS Battery Management System

CSIRO Commonwealth Scientific and Industrial
Research Organization

DC Direct Current

EMS Energy Management System

INTA  Spanish National Institute for Aerospace
Research

IUFCV  “Improving efficiency and operational range in
low-power unmanned vehicles through the use
of hybrid fuel-cell power systems” Project

LHV Lower Heating Value

ocv Open Circuit Voltage

PEM Proton Exchange Membrane

SOC State of Charge

UuGv Unmanned Ground Vehicle

UAV Unmanned Aerial Vehicle

uuv Unmanned Underwater Vehicle

usv Unmanned Surface Vehicle

Abbreviations
E Energy
I Current
m Mass

P Power

t Time

Vv Voltage

List of indices
batt Battery

FC Fuel cell
H, Hydrogen
load Load
diode Diode

provide high specific energy and power density, to increase life
time (number of charging and discharging cycles) and to
ensure safe operating conditions, among other requirements.
In a similar way to other electric vehicles, most electric un-
manned vehicles use lead-acid or Li-ion batteries at present.
Despite the rapid progress of these technologies [3] issues
remain, and the use of hybrid configurations, combining
different energy storage technologies is seen as a promising
option to overcome the existing gaps for power systems in
electric vehicles [4]. The main advantages of hybrid power
systems with respect to battery-based ones are the possibility

of achieving higher specific energy while providingredundancy
in power supply, which reduces the probability of energy fail-
ure, and improves system performance. In the case of power
systems based on fuel cells and batteries, several research
works have tested and evaluated systems based on both con-
figurations in mobile and stationary applications [5—16].

In general, hybrid power systems are classified in two ar-
chitectures: active, with control elements (typically using DC/
DC converters); and passive, with a direct coupling among the
system components. The choice of the most adequate
configuration for a given application depends on the vehicles
power and energy requirements, weight and volume con-
straints as well as the characteristics of the fuel cell system
and batteries. The active configuration allows a decoupling of
sizing and operating conditions on batteries and fuel cell
using DC/DC converters, allowing a more precise control of
the power system thanks to the control and management of
such converters. Their main disadvantages are the more
complex system topology, reduced efficiency due to voltage
loss, system cost, and higher weight and volume. Passive
configurations with direct connections to the DC bus offer the
advantages of lower losses, reduced cost and simpler archi-
tecture. However, active power control is not possible in this
configuration, due to the absence of converters. This could be
managed by an external control system, allowing modifica-
tions in the operating conditions of the batteries and/or the
fuel cell. In consequence, careful design and integration of
fuel cells and batteries is required to ensure a similar voltage
range operation and proper charging conditions of the batte-
ries from the fuel cell [6,17,18]. Table 1 shows a comparison of
active and passive hybrid power systems, with batteries and a
fuel cell, summarizing the main advantages and disadvan-
tages for each configuration.

There are also several possible architectures in passive
configuration systems, depending on whether the fuel cell is
able to charge the batteries without any restriction (Fig. 1a), if
there are charging regulation requirements during this pro-
cess (Fig. 1b), or even if it is not possible to charge the batteries
from the fuel cells (Fig. 1c).

Using the configuration depicted in Fig. 1a (direct coupling
of fuel cell and batteries) the batteries are the main source to
supply power to the load, while the fuel cell supplements the
power supplied by the batteries, operating as a “range
extender” system. In this operation mode, the fuel cell gen-
erates energy when the state of charge (SOC) and the battery
voltage reach a predefined minimum value. Once this mini-
mum voltage is reached, the energy generated by the fuel cell
is injected into the DC bus that connects the power system to

Table 1 — Comparison between active and passive fuel cell/battery hybrid power system.

Advantages

Disadvantages

Active configuration e Decoupling of sizing and operating

conditions on batteries and fuel cell

» More precise control of the power system

o Lower losses
o Reduced cost

Passive configuration

o Simpler architecture, lower risk of failure

o Lower weight and volume

o More complex system topology
e Losses in the DC/DC converters
o Higher system cost
o Higher weight and volume
« Active power control is not possible. Fuel cell
operates at the voltage set by batteries.
o Careful design and integration of fuel cell system
and batteries to fit the requirements of the load is needed
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Fig. 1 — Passive hybrid fuel cell/batteries power system configurations.

the electric load. Depending on the energy balance, part of the
energy is used to supply the demand while the rest is used to
charge the batteries.

In this operation mode, the demanded power load profile
largely determines the design of the fuel cell and its nominal
power when operating in the battery voltage range. The
voltage of the battery sets the fuel cell current, according toits
polarization curve. Maximum battery current values, as well
as suitable charging/discharging criteria from the safety,
performance and durability points of view, have to be taken
into account in the design and selection of the right batteries
for the system. The passive configuration offers a relatively
simple architecture, providing power self-regulation of fuel
cells and batteries through appropriate design and selection of
both components, at the expense of careful monitoring and
supervision of the system in operation.

Taking into account these general characteristics, hybrid
power systems based on batteries and fuel cells are

considered a suitable option to power unmanned vehicles,
mainly to increase the operational range of these platforms.
Active and passive hybrid power systems have been already
evaluated for unmanned vehicles in several demonstration
projects [18-30]. Most of fuel cell/battery power systems
demonstrated in small unmanned aerial vehicles correspond
to passive configurations, usually according to the scheme
depicted in Fig. 1b, with the fuel cell as main power source,
and the battery supporting the operation of the fuel cell when
the power load is higher than the power supplied by the fuel
cell [18,20-24,31-35]. Nevertheless, its application in UGVs
has received less attention [36-39].

This paper addresses the use of a passive hybrid power
system in a UGV, based on the direct coupling of a fuel cell
and Li-ion batteries, without restrictions to the charging of the
battery from the fuel cell, with the goal to improve the capa-
bilities and performance of these platforms in real applica-
tions. A demonstration of this configuration in an existing
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UGV is proposed, and preliminary results, regarding the
experimental evaluation of the system on a test bench, are
presented and discussed. The main contributions of this
research are related to the understanding of the joint perfor-
mance of fuel cell and batteries in a direct coupling, without
charging regulation of the battery, operating under
demanding load profiles taken from real data. In this topology,
the battery plays a fundamental role as the main power
source, acting at the same time as a buffer that minimizes the
effect of load variations on the fuel cell, which acts as a “range
extender”. This configuration and operation mode present an
alternative approach to passive hybrid systems for unmanned
vehicles, reported in previous experimental works, mainly in
small UAVs, where the fuel cell covers the main power de-
mand of the vehicle, being supplemented by batteries at high
load [23,24,40].

The first part of the paper offers information about hybrid
powersystems, introducingthe architecture of passive systems
based on fuel cells and batteries, and their use in unmanned
vehicles. The next section details the development of a passive
hybrid fuel cell/battery power system, specifically designed to
fulfill the load and endurance requirements of an existing un-
manned ground vehicle (UGV), as well as the test and experi-
mental evaluation of the system. The last section exposes the
conclusions and future work.

Testing and characterization of passive hybrid
systems for unmanned ground vehicles

This research work is developed in the framework of the
project “Improving efficiency and operational range in low-
power unmanned vehicles through the use of hybrid fuel-
cell power systems (IUFCV)" [41,42]. The objective of this
project is the increase of the operational range of three
existing unmanned vehicles, two UGVs and one UUV, using
hybrid power systems based on batteries and fuel cells. These
platforms and hybrid power systems will be evaluated in real
applications.

Power load profile for the unmanned ground vehicle

The UGVs used in the project are an all-terrain Husky UGV
from Clearpath Robotics [43] provided by the Robotics and
Autonomous Systems Group at CSIRO, and a Summit XL UGV
from Robotnik [44], owned by the Energy Area of INTA. The
goal of this project is to increase the endurance on both
platforms up to seven hours of continuous usage on field
missions, maintaining its core payload, speed capabilities
thought the mission execution.

Both platforms will integrate hybrid power systems based
on batteries and fuel cell to accomplish these technical tar-
gets. The development and testing works presented in the
article correspond to the Summit platform. Similar method-
ology will be applied to the other UGV in the short term. The
Summit XL UGV (Fig. 2) is used at INTA for testing multiple
power systems configurations and technologies, as well as for
integrating sensors and simulate missions defined by
different end-users. The main characteristics of this platform,
according to the manufacturer, are as follows:

Fig. 2 — Summit XL platform (INTA).

o Weight: 45 kg

e Maximum payload: 20 kg

e Speed: 3 m/s

o Drive system: 4 wheel, 4 brushless motors
e Batteries: 8 x 3.2V, 15 Ah LiFePO4

e Endurance (nominal/idle): 5/20 hours

Taking into account the limitations of the UGV in terms of
available weight and volume, the proposed systems should be
as simple as possible in terms of components, trying to ach-
ieve the maximum specific energy and energy density with
these restrictions, but offering at same time enough war-
ranties to provide the necessary energy and power to fulfill the
required missions. Passive hybrid power systems, without DC/
DC converters, seem in this case a suitable solution, if
designed and sized according to the technical specification of
the vehicle. This passive hybrid system is based on open
cathode - air cooled Polymer Electrolyte Membrane (PEM) fuel
cells, and Li-ion batteries. Compressed hydrogen and metal
hydrides will be the hydrogen storage technologies used in the
platform. In the first phase, the battery and fuel cell of the
hybrid power system designed for the Summit XL UGV were
integrated and tested in a test station.

In order to evaluate the performance of the passive hybrid
power system under power demand profiles similar to those
used by the platforms in real scenarios and missions, the
vehicle performed intensive tests under different driving
conditions and types of terrain. The power consumption
profiles were obtained by measuring the voltage and current
in the 8 LiFePO, batteries connected in series provided by the
platform. These driving tests considered the vehicle in:
standby mode (idle), smooth driving on flat terrain (with low
accelerations and few turns), and more aggressive driving
trials on flat terrain with frequent turns and strong accelera-
tions. From the power perspective, the smooth driving is
commonly used in autonomous surveillance missions while
the aggressive maneuvers are typically required in off-road
navigation tasks. The measured load profiles show that the
vehicle maximum power peak is around 600 W. Most of the
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missions combine different terrain and driving modes. The
average power varies from a minimum of around 38 W when
the vehicle is in stand-by (idle, with the only consumption of
the on-board electronic equipment), to a maximum of 200 W
when driving agressively on flat terrain . During these tests in
the real conditions required by INTA, combining different
driving modes, the real autonomy of the vehicle was around 2
hours, lower than the autonomy specified by the manufac-
turer in its nominal conditions. Fig. 3 depicts the power curves
for smooth and aggressive driving of the vehicle in a flat
terrain.

Based on these real profiles, a standard basic mission
profile was created, combining the power at stand-by (corre-
sponding to the minimum power consumption of the vehicle),
power peaks and several power up and down ramps, repre-
sentatives of the variations in the vehicle's load profiles
analyzed above. This basic profile, covering all these cases and
measured variations of the load, has a duration around 300 s.
In order to estimate the performance of the system during the

a) Smooth driving
1 T

targeted operating period (more than 7 hours on the Summit
XL), this basic profile was repeated throughout the seven-
hours period to create a long-term test profile for the test
bench. Fig. 4 illustrates this basic profile.

From this basic load profile, repeated during seven hours,
the total energy consumed in this period was calculated, giv-
ing a value of around 1 kWh. This is the minimum electrical
energy that the power system has to store, in the battery and
the hydrogen storage system, and supply to the vehicle.

Development of passive hybrid power system

The passive hybrid power system, designed, developed and
evaluated for the Summit XL UGV, integrates an open cathode,
metal bipolar plates PEM fuel cell stack, with fan, from the
manufacturer BCH, model TH-200. This stack has 30 cells, is
air-cooled and able to supply 200 W at 24 V [45] and six 6
KOKAM Ultra High Energy NMC LiPo cells (27 Ah nominal ca-
pacity (C), max. charge 27 A (1C), max. discharge 54 A (2C),
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peak discharge 108 A (4C)) connected in series (22.2 V nominal
voltage, 25.2 V max. voltage, 16.2 V min. voltage at pack level)
[46]. The stack and the batteries, jointly with the hydrogen
storage system and a custom developed Energy Management
System (EMS), which integrates the functions of a typical
Battery Management System (BMS) and the monitoring and
control of the fuel cell system, are the main components of the
proposed passive power system, which will replace the
existing LiFePO, battery pack in the vehicle. The battery, the
fuel cell and the hydrogen storage system were selected and
developed to achieve a specific energy higher than 180 Wh/kg
and to store at least 1 kWh of electrical energy, equivalent to
seven hours of autonomy in the vehicle operating under the
basic load profile.

The fuel cell and the batteries were previously tested and
characterized in a test bench, in order to obtain the polariza-
tion curves (voltage and power vs. current) and the charging-
discharging curve respectively (Figs. 5 and 6).

According to Fig. 5, the OCV of the fuel cell is 37.5 V, and the
maximum power achieved, at 15.3 A, is 324 W. In these con-
ditions, the fuel cell generates 12.25 A at 24V, supplying 294 W

45 350

—a— Vohage (V)
—e— Power (W)
w0} 300

3B

= e
&0 't
g i
S 150 &
2
100
2ok
50
. ] ! i | &
0 2 4 6 8 10 12 14 1% 18

Current (A)

Fig. 5 — Polarization curves of the BCH-T200 fuel cell stack.

of power. This value is higher than the nominal values spec-
ified by the manufacturer (200 W at 24 V).

Fig. 6 shows the characterization curve of one battery cell,
corresponding to a charging step at 5.5 A, up to a maximum
voltage of 4.2 V, a discharging step at 2,7 A (0.1 C) until a
minimum voltage of 2.7 V, and finally a charging step until the
maximum voltage. The measured capacity (C) from this cell
and test was 26.91 Ah.

The hybrid system was connected in a direct coupling
configuration between the fuel cell stack and the batteries,
without limitation to the charge of the batteries from the
fuel cell (thanks to the characteristics of the battery in
terms of maximum charging/discharging current and ca-
pacity) according to the scheme depicted in Fig. la. Fig. 7
shows the electric circuit of this passive hybrid power
system.

This architecture allows the simplest passive system,
avoiding the use of battery charger or similar device. In
this configuration, power sharing between battery and
fuel cell depends only on the battery voltage (and SOC).
The tests were performed in an ARBIN BT-ML 60 V-100 A
battery test station [47], programmed to repeat the basic
load profile shown in Fig. 4 in a cyclic mode, at least
during seven hours. In a first phase, the fuel cell (fan and
purges) was managed with a control board supplied by the
manufacturer jointly with the stack. Other data from
batteries and fuel cell were measured and acquired in a
suitable SCADA included in the experimental set-up, as
well as in the battery test station, which were also pro-
grammed to ensure the operation of the batteries in the
voltage range specified by the manufacturer. Fig. 8 depicts
this experimental set-up.

Testing of passive hybrid power system for summit XL

Fig. 9 shows voltage and current of the fuel cell/battery power
system during the +7 htest.

Fig. 9 illustrates the operation associated to Fig. la in
section Introduction to passive hybrid power systems in
unmanned vehicles. Three clearly-defined steps are
observed in the figure:
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Fig. 6 — Characterization curve of a KOKAM Ultra High Energy NMC cell.
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Fig. 7 — Electric circuit of the passive hybrid power system.

Fig. 8 — Experimental set-up of the passive hybrid fuel cell/
battery power system.

a) Step 1

At the beginning of the operation, the load is initially
powered only from the battery. In these conditions:

Vicad = Vbare
Licad = Ipart
Pioad = P,
load bntztt (1)

1
Ebar1 = /Pbatt'dt:Eload.l
173

This step had a duration of 2.45 hours, from t, to t;, and it
finished when the battery achieved a predefined minimum
voltage of 21.5 V.

b) Step 2

The fuel cell operated jointly with the battery, powering
the load and charging the battery. This step started at t;, when
the battery achieved the minimum voltage threshold
mentioned above, set to ensure a safe operation of the fuel
cell, according to the manufacturer's specifications. In these
conditions:

Vload = vbart = VFC - vdlode

If Pioad <Prc: lioad = Irc — Ivats Pioad = Prc — Poart 2

If Pioaa> Pecy lioad = Irc + Ibares Pioad = Prc + Phane
In general, Erc2 = Eioad2+Epatt2
where:

tz
Epco = /Prc'dt
ty

&
Epara = /Pban'dt

5t

From t;, the fuel cell voltage was the sum of the battery
voltage plus the diode voltage (approximately a constant value
of 0.82V in this range of operation). The fuel cell operated until
the battery voltage achieved a predefined value, 24.5 V in this
test, which assured a high SOC of the battery. This voltage

Operation of the battery/fuel cell power system
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Fig. 9 — Operation of the battery/fuel cell power system for Summit XL UGV.
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value was also set considering the hydrogen available in the
storage system and the energy provided by the fuel cell, taking
into account the minimum energy needed for seven hours of
operation of the vehicle under the basic load profile. This step
lasted 2.08 hours, from t; to t,.

c) Step 3

Once the batteryisrecharged to the voltage achievedat t, it
assumes all the vehicle power load until the voltage drops
around 18V, at t;. This value was still far from the minimum
voltage of the battery pack (16.2 V), but was considered a
conservative limit to avoid the total discharge of battery in
these first tests, as well as to operate in the voltage range of
the on-board DC/DC converters of the Summit platform, used
to power its internal electronic systems. As such, not all the
available energy in the battery was consumed in the experi-
ment. The operating conditions of the power system are the
same as detailed in Eq. (1), with:

Y

Fy / Pt Eii 3)
t

The duration of this step, from t, to t;, was 3.1 hours.

The total duration of the test was 7.6 hours, corresponding
to 2.08 hours of the joint operation of the fuel cell and the
battery, and 5.55 hours to the operation only with the battery.
Fig. 10 depicts in detail the evolution of voltages and currents
in the operation period of the fuel cell.

Battery and fuel cell voltage curves have a similar shape,
being the difference the voltage drop at the diode, with a
constant increase as the LiPo cells are recharged and their
voltage increases. In this voltage range, the average power of
the fuel cell (291.8 W) was greater than the average power load
(153.2 W). Consequently, the energy generated in the fuel cell
was enough to power the UGV and recharge the battery
simultaneously when the fuel cell power was higher than the
load. Because of this, the battery current curves show positive
values when it is charged and negative when is discharged.
The current of the fuel cell remained always positive, while
the current from/to the battery changed rapidly, from nega-
tive (charging) to positive (discharging) values, depending on
the demand profile of the vehicle. The fuel cell current
decreased smoothly as the battery voltage increased and the
battery was charged. The battery buffered all the demand

variations, supplying energy when the requested power
exceeded the power generated by the fuel cell, or when being
charged because of an energy excess generated by the fuel cell
respect to the demanded power. The maximum battery cur-
rent reached in this charging process was 12.7 A. The charging
rate for the 27Ah battery was less than 0.5 C, according to the
manufacturer's requirements for safe battery charging. Simi-
larly, the maximum battery discharging current during this
period was 14.7 A, which is slightly higher than 0.5 C, and
much lower than the maximum discharge current specifica-
tions (54 A for continuous discharge and 108 A for peak
discharge). The fuel cell current variation was almost linear,
from a maximum value of 14.7 A at the beginning of its
operation to a minimum value of 10.4 A at its end. The fuel cell
voltage values agree with the expected ones, according to the
polarization curve (Fig. 5).

In terms of power, Fig. 11 shows the power provided by the
battery and the fuel cell, as well as the total power demanded
by the vehicle. The total power corresponds to the pattern
load profile previously explained. The basic load profile is
highlighted in the total power curve, and corresponds to the
profile depicted in Fig. 4. Most of the battery power corre-
sponds to the charging process, with a maximum of 282 W.
The battery power also presents discharge peaks around
300 W, with a maximum of 341 W. These peaks were gener-
ated by the vehicle power demand, and its maximum reaches
610 W. Since the fuel cell power varied almost linearly from
336 W at the beginning of the operation to 264 W at the end, all
the additional power, around 50% during these discharge
peaks, was supplied by the battery. The contribution of the
battery to the total power allowed to the hybrid fuel cell/bat-
tery system to provide higher power density than power sys-
tems based exclusively on fuel cells [40].

In terms of energy, taking into account the three steps
previously defined, the total energy supplied to the system
would be:

Eioad = Eload1 + Etoad2 + Eload 3 4

Total energy consumption in the 7.6 hours test (Ejy.q) Was
1065 Wh. During the fuel cell and battery joint operation
period, the total energy produced in the fuel cell (Erc) was
608.4 Wh, with a measured hydrogen consumption of 47.1 g.
51% of this energy (308.03 Wh) was used to charge the batte-
ries, and the remaining 49% (300.35 Wh) was used in the en-
ergy demand of the vehicle. During this period, the battery
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Battery Voltage (V) |
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34

Time ()
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Fig. 10 — Voltage and current evolution.
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Fig. 11 — Battery, fuel cell and load power.

had an energy output of 18.84 Wh when discharging, mainly
due to the peaks in the vehicle load.

The energy supplied by the fuel cell to the battery was in
the same order of the energy provided by the battery to the
vehicle prior to the operation of the fuel cell (around 327 Wh).
Consequently, the battery SOC at the end of fuel cell's opera-
tion was almost the same as the SOC at the beginning of the
long term test (t;), when the battery was fully charged. The
average fuel cell efficiency over the operating period was
calculated as shown in Eq. (5):

_Ex
-5

2

©)

Eu» is the energy content of the hydrogen consumption,
and it is calculated as shown in Eq. (6):

EH: = My, 'LI’IV(.{2 (6)

Erc was the energy generated by the fuel cell (608.4 Wh),
my;, the mass of hydrogen consumed during the test (47.1 g)
and LHV};, the lower heating value of hydrogen (120.1 MJ/kg or
33.3 Wh/g). With these values, the average fuel cell efficiency
was 39%. A more adequate selection of the operating voltage
range in fuel cell and battery could achieve higher efficiency
when adjusting the fuel cell voltage range around the
maximum efficiency point.

Conclusions and future work

This paper has analyzed the main characteristics of hybrid
power systems based on batteries and fuel cells using a pas-
sive architecture. After considering different passive

configurations, a direct coupling between fuel cell and batte-
ries showed to be most suitable for the considered application
because of its simplicity, in terms of components, and flexi-
bility, in terms of operation.

The proposed solution is based on six LiPo cells, connected
inseries, and a 200 W PEM fuel cell stack, directly connected in
parallel to the battery without any limitation to its charge. Ina
first version, the system was monitored and managed with a
control board of the fuel cell stack and a suitable SCADA
developed for the tests. A specific Energy Monitoring and
management System (EMS) is being developed, and it will be
integrated in further versions of the systems. The hybrid
power system was tested under a pattern load profile obtained
from power consumption data in different real missions of
one of these UGVs. The duration of the whole test (7.6 hours)
was greater than the minimum period targeted in the project
to operate the vehicle (7 hours), and notably greater than the
autonomy provided by the original batteries of the vehicle in
missions with similar load profile (around 2 hours). The re-
sults showed good performance of the fuel cell and the battery
during the tests of the hybrid system, which operated the fuel
cell when the battery reached a low voltage threshold, around
the two hour mark of continuous operation. During the
operation, around 49% of the energy produced by the fuel cell
was used by the vehicle, and the remaining 51% recharged the
battery. The design of the system allowed to the battery to
cover the peaks when the required power was higher than
that generated in the fuel cell. Battery charging and dis-
charging currents were around 13—14 A (i.e., around 0.5 C),
fulfilling the specifications of the manufacturer. In these
conditions, the voltage of the fuel cell was set by the voltage at
the DCbus; the fuel cell current, voltage and power presented
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a smooth variation from the maximum values at the begin-
ning of its operation to the end, which resulted in greater
durability of the power system. The average fuel cell efficiency
achieved in the tests was 39%.

It is important to highlight that, to guarantee a suitable
joint operation of the fuel cell and the battery, careful design,
selection and development of both components is required.
Based on the experimental data, the next step will be focused
on voltage range optimization, which will increase the effi-
ciency and durability of the whole system, as well as minimize
fuel cell degradation. Further steps will include integration in
the hybrid power system of the hydrogen storage system and
the energy management system (EMS). In a first estimation,
considering a 3 1 compressed hydrogen type III cylinder,
operating at 200 bar, as hydrogen storage, the specific energy
in the hybrid power system would be around 200 Wh/kg,
achieving the technical target of the project (180 Wh/kg). The
definitive power systems installed in the UGV will be evalu-
ated in field test under real operating conditions, in order to
assess its advantages/disadvantages, in terms of cost, risk of
failure, specific energy and energy density, with other possible
technical solutions.
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ARTICLEINFO ABSTRACT

Keywords:

Polymer electrolyte fuel cell

Catalyst deposition processes
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In the recent decades, researchers have been focussing more and more on renewable energy because of the
known climate crisis that will occur in the near future. One possible solution is the use of fuel cells that generate
clean energy. Regarding fuel cell technologies, polymer electrolyte fuel cells (PEFCs) are widely used for por-
table, stationary or automotive applications as well as backup systems for emergency situations. To build a full
PEFC stack, a single cell is used, which is then stacked with more similar cells (the number of cells depends on
the electrical power required) and are then integrated into the final product. In a cell, there are two parts that
deserve special attention: membrane electrode assembly (MEA) and bipolar plates (BPs). This paper is dedicated
to carry out detailed review of processes involved in these two parts, describing the catalyst deposition tech-
niques and BPs manufacturing methods. Finally, a discussion of how to assemble the cells to build a stack of
suitable power is included. The review shows the different techniques in chronological order to be able to
understand where the fuel cells technology started, and all of the new developments that have been made over
time. Each of the techniques has been studied separately in order to provide a comprehensive analysis of the
various possible methods found in the scientific literature. After a description and analysis of each technique, a
comparative evaluation has been carried out to highlight the most important characteristics of each technique.
The review also shows that for fuel cells manufacturing technology to achieve good rates of accuracy, mass
production and homogeneity, research should be aimed at achieving less restrictive manufacturing and en-
vironmental conditions, and equipment is required with lower costs.

1. Introduction developed for different applications. For example, Alkaline Fuel Cell

(AFC) technology is only used for space applications as a result of the

In the last decade, research is focused on renewable energy, espe-
cially owing to the concerns of society about the environmental pro-
blems [1]. An attempt is being made to replace conventional energy
sources with renewable energy sources (RES) to avoid damaging the
environment [2]. Lately, RES (which include biomass, hydropower,
geothermal, solar, wind and marine energy) are receiving more atten-
tion and currently provide up to 14% of the total world energy demand
[3]. The main drawbacks of these energy sources are the energy cost
and the low production of energy due to the specific environmental
milieus for each geographic location [4] and not all types of RES are
available in all locations [5]. Therefore, fuel cells technology might
solve some of the drawbacks because their electrical production does
not depend on the environmental conditions or location and the only
requirement is to have available hydrogen.

Nowadays, with respect to fuel cells, many technologies are being
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electrolyte poisoning with CO, [6]. The phosphoric acid fuel cell
(PAFC) technology is suitable to the stationary cogeneration market
[6,7]. Its disadvantages are the high operating temperature and the
need for long warm-up periods [8]. The solid oxide fuel cell (SOFC) and
molten carbonate fuel cell (MCFC) technologies [9] are suitable to
large-scale MW grid applications in spite of their technical incon-
veniences such as: the electrolyte control, a limited lifespan of the cell
due to corrosion, high sensibility to sulphur, electrolyte losses and high
costs [10]. The direct methanol fuel cell (DMFC) technology is being
considered for portable power generators [11], although one of the
major concern is to improve the catalyst performance [12]. Lastly, the
polymer electrolyte fuel cell (PEFC) technology is probably receiving
the most attention. This is due to its good properties such as high power
density, low operating temperature, zero emissions, easy operation,
simplified design and relatively quick start-up and shut-down
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Nomenclature

AC-PEFC air-cooled polymer electrolyte fuel cell
AFC alkaline fuel fell

BoP balance of plant

BP bipolar plate

CCM catalyst coated membrane
CCS catalyst coated substrate
CL catalyst layer

CNC computer numerical control
DMFC  direct methanol fuel cell

EDM electrical discharge machining
GDE gas diffusion electrode

GDL gas diffusion layer

IBAD ion beam assisted deposition

MEA membrane electrode assembly

MCFC  molten carbonate fuel cell
MW megawatts

PAFC phosphoric acid fuel cell
PE polymer electrolyte

PEFC polymer electrolyte fuel cell
PEM polymer electrolyte membrane

Pd palladium

Pt platinum

PVD physical vapour deposition
R&D research and development
RES renewable energy sources
SOFC solid oxide fuel cell

TPB three-phase boundary

functionality [13,14]. PEFCs are suitable to a wide range of applications
including portable, stationary and automotive power delivery [15] as
well as in backup systems for emergency situations (e.g. earthquakes,
terrorist attacks).

A typical cell of a PEFC system is formed by a sandwiched structure
that consists of six main parts (Fig. 1), from the outermost to the in-
nermost: (1) end plate (x2) for providing support to the cells assembly;
(2) current collector (x2) for current collection and delivery to load
[16]; (3) bipolar plate (BP) (x2) for separating the individual cells,
delivering the reactant gases, providing an electrical connection, re-
moving the water by-product, dissipating the reaction heat and carrying
the clamping force [17,18]; (4) gasket for avoiding leaks of reaction
gases; (5) gas diffusion layer (GDL) (x2) for providing a barrier to liquid
water, keeping the catalyst layer (CL) partially hydrated and dis-
tributing the gases properly [19]; and finally (6) membrane electrode
assembly (MEA) for conducting positive hydrogen ions (protons), but
no electrons [10,20,21].

From a single cell with similar structure to that shown in Fig. 1, a
stack is built by assembling a determined number of BPs and MEAs,
depending on the electrical power required. Regarding the manu-
facturing of the stack, BPs are the responsible for the 40% of the total
stack cost [22] and for around the 80% of the stack weight [23-26]. In
the same way, in each cell the MEA requires another 40% of the total
stack cost, which is divided into two parts: 96% for the material and 4%
for the fabrication process [22]. Therefore, in a PEFC system, the stack
is undoubtedly the most expensive, heaviest and largest component.
Inside the stack, the process used for the MEAs manufacturing and the
technique used for the BP implementation determines the stack's
weight, volume and cost (Fig. 2).

The aim of this paper is to carry out a detailed chronological review
of manufacturing processes involved in above-cited these two key parts
(MEA and BP). Current literature hardly includes summaries of the
manufacturing techniques related to PEFCs; and there are hardly any
papers that do so in chronological order to showcase the path devel-
opment these systems have undertaken. Likewise, the study presented
in [14] analyses the existing PEFCs manufacturing techniques but it
only provides a review of alternatives for MEAs and BPs within the
scope of vehicle propulsion. This work leaves out manufacturing tech-
niques for other common applications such as micro-power, stationary
or back-up power. In contrast, the review carried out in [27] focuses on
a variety of strategies to develop advanced GDLs justifying their role in
an effective management of water in PEFCs. Nevertheless, according to
Fig. 2a and b, regarding cost and weight, GDL is the least significant
part in the PEFC structure. However, a key part in a PEFC structure is
the BPs as a whole. In this sense, [24] gives a comprehensive overview
of the most common designs for the flow fields, but does not include a
review on how to manufacture the full BPs.

With the aim of complementing and completing the reviews done in

these cited works, this paper describes the catalyst deposition techni-
ques and BPs manufacturing methods; and it analyses the current and
future direction of the R&D activities for reducing the weight and vo-
lume of the whole stack. The review is based on the order in which the
different techniques have appeared. Each of the techniques has been
independently studied to provide a more comprehensive analysis of the
alternatives found in the literature. After performing a description and
analysis of each technique, a comparative evaluation has been devel-
oped to highlight the most important features of each one. The review
also shows that several features associated with the MEA or BPs such as
precision, mass production and homogeneity require a deeper research
focused on guaranteeing less restrictive environmental and operating
conditions and cheaper equipment. The review of the state of the art
shows the advantages and disadvantages of the different methods in-
volved in the manufacturing process, and it also shows how dis-
advantages of older manufacturing techniques became challenges for
new methods resulting in better commercial products for the market.

Contrary to what happens in most of the review papers that can be
found in the scientific literature, the aim of this work is not to describe
in depth each of the actual methods that can be used for catalyst de-
position, BPs manufacturing or stack assembly. The goal of this work is
to give an overview about the different techniques classified according
to their nature and what the user has at his disposal to design and
manufacture a fuel cell right now.

The rest of this paper is written as follows: Section 2 focuses on the
different catalyst deposition methods in a MEA. First deposition tech-
niques (manual techniques like Spraying) lead to others based on pat-
tern transfer like Screen Printing or Decal Transfer. Thanks to the

1) -End

Plate (2)-Current
Collector

Fig. 1. Single fuel cell with a 50 cm? active area from Teledyne™ with three-
channel parallel serpentine flow fields (channels of 0.76 mm wide and deep).
Graphite bipolar plate's layout is cross-flow with horizontal channels in both
anode and cathode.
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Fig. 2. a. Weight distribution in a PEFC stack.b. Volume distribution in a PEFC
stack. c. Cost distribution in a PEFC stack.

technology development, automated process such as doctor blade or
electrodeposition allow achieving better cell performance at lower
catalyst loadings. Similarly, the most common BPs manufacturing
techniques are reviewed in Section 3. As such, the first techniques in
which the mould is built under pressure are discussed, followed by
techniques based on casting or electro-milling methods. The last step to
obtain a fuel cell stack is to assemble a number of single cells built from
a (MEA + BPs) structure, as it is shown in Fig. 1. Section 4 reviews the
actual assembly techniques showing the main parts of a stack assembly
station. Finally, Sections 5 and 6 focus on the discussion of the research
work carried out and conclusions, respectively.

Fig. 3. Images of components needed to manufacture a MEA: (a) GDL, (b) catalyst (Pt) and (c) proton exchange membrane.
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2. Catalyst deposition techniques. Old times old techniques, new
times new techniques

Regarding other fuel cell technologies described in Section 1,
polymer electrolyte (PE) fuel cells have some advantages. They can
work at low temperature and they also have other important features
such as reduced catalyst loading, bifunctional properties of catalyst
based on electrocatalyst alloy, and efficient protons transport using
Nafion” membranes. Thanks to these properties, they are going to
eclipse other low temperature fuel cell technologies as alkaline and
phosphoric fuel cells [28].

In the manufacturing of a PEFC system, the main step is to build the
stack that consists of assembling individual cells, one joined to another,
convened like slices in a sandwich bread. A scheme of a single PE cell is
shown in Fig. 1. The MEA can be considered the core of the cell. This is
really important for the whole performance of the PEFC; so many ef-
forts are focused on improving its characteristics and reducing its
manufacturing costs (as authors discussed in Section 1, the MEA is one
of the most expensive components in the cell and consequently in the
stack). A MEA is comprised of GDL, CL and proton exchange membrane
(PEM), see Fig. 3. The MEA manufacturing process involves the catalyst
deposition supported by platinum (Pt) or Pt alloys [29]. Therefore, the
majority of the known techniques for the catalyst deposition seek to
reduce the utilisation of Pt to catalyse the oxidation (hydrogen) and
reduction (oxygen) reactions, or to substitute the Pt for other less ex-
pensive noble metals [30].

According to the scientific literature consulted, a MEA can be
manufactured by the following three main methods: (1) catalyst coated
membrane (CCM) in which CLs are deposited onto a membrane di-
rectly; (2) decal transfer CCM in which coating CL is deposited on a
substrate and then transferred onto a membrane; and (3) catalyst
coated substrate (CCS) which deposits CL on a GDL. A GDL with CL is
called a gas diffusion electrode (GDE). To complete the process, a CCM
is sandwiched between two GDEs to obtain the MEA [31]. Regarding
these MEA fabrication methods, the most extended methods are CCM
and Decal Transfer CCM. Subsequently, this section focuses on re-
viewing techniques associated to these MEA manufacturing methods
[31].

In a MEA, the electrochemical reaction occurs in the CL that needs a
three-phase boundary (TPB). In the TPB, the catalyst, the electrolyte
and the gas are all in physical contact. The fuel cell performance is
affected by the TPB area [32]. In addition, this is mainly dominated by
the catalyst deposition method and the properties of the catalyst ink.
Therefore, the CL deposition technique and the formula of the catalyst
ink are responsible for the fuel cell performance and cost. For mass

(c)
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production in particular, the catalyst ink costs approximately 34% of
the total stack cost [33].

Regardless of the MEA manufacturing method, the first step is to
prepare the catalyst ink. It consists of mixing a carbon-supported Pt
catalyst, isopropyl alcohol and an ionomer solution in H* form [34],
and thereafter the catalyst ink is deposited over the CL. One of the
objectives is to obtain a MEA with a low Pt content without sacrificing
the cell performance. Therefore, it is very important to decrease the Pt
catalyst loading to reduce the cost of the anode and cathode electrodes
[35].

2.1. The eighties. Hand techniques

Going back to 1950 [36], a material called Teflon (polytetra-
fluoroethylene or PTFE) became available. It was the first material used
in fuel cells with Pt electrodes and acid electrolyte. Along the 1960s and
1970s, high loadings of 4-40 mgcm ™2 Pt and Pd black catalyst were
used to make MEAs [37]. In order to provide ionic transport to the
catalyst site, the PTFE-bound CLs are typically impregnated through
spraying or brushing. This was a breakthrough in the 1980s, when these
deposition techniques were able to reduce the Pt loading of prior PEFCs
by a factor of 10: from 4 to 0.4 mgcm ~ 2 [38].

When spraying deposition is used in MEA manufacturing (Fig. 4),
the prepared ink is deposited on both sides of the membrane (anode and
cathode) and then, it is dried at 70 °C prior to be assembled with wet-
proofed carbon paper [39]. The required time for the surface drying
process depends on the ink, which is sprayed on the membrane, and the
temperature depends on the boiling point of the solvent of the solution
[40].

Sun et al. [41] use the CCM spraying method to manufacture a MEA.
The first step is (1) the membrane treatment that consists of pre-treating
the Nafion” (the electrolyte material which replaces the PTFE) with
H,0, and H,S0, solutions to eliminate the contaminants (organic and
inorganic). The following step is (2) the preparation of the catalyst ink
that consists of a solution formed by a commercial Pt/C catalyst
powder, isopropyl alcohol and Nafion”. Then, the mixture is sonicated
for 1 h. Afterwards, ethylene glycol (EG) is added and the mixture is
sonicated for 1 h more. The last step is (3) the preparation of CCMs. The
catalyst ink is spread onto one side of the MEA by a spraying gun at
70°C, over a hot plate, using a set speed and N, as the driving gas. After
spraying one side of the membrane, it is necessary to dry it at 100 °C for
10min in air. The other side of the membrane is treated similarly and
both sides are dried in a vacuum oven at 100 °C to remove the EG from
the membrane.

Otherwise, Kim et al. [34] also use the spraying method to fabricate
a MEA without hot pressing and pre-treatments. In this work, the steps
proceeded as follows: (1) catalyst inks were prepared by mixing a
carbon-supported Pt catalyst, isopropyl alcohol and a Nafion ionomer.
Then, (2) the mixture was sonicated for 1 h and, after that, (3) the cover
sheet is removed from the membrane. Next, (4) a system is used to
spray the catalyst ink onto one side of the membrane while the attached
backing film acts as a support. (5) The treated side of the membrane has
to be dried for 1 h at 55 °C. Afterwards, (6) the backing film is removed
and the other side of the membrane is treated similarly. Finally, (7) the
MEA is dried for 8 h under atmospheric conditions without heat treat-
ment. This method is simple and suitable for small-sized MEAs. How-
ever, it is unsuitable for ultra-low Pt catalyst loading (< 0.5 mgem™ %)
and the deposition uniformity is not easily controlled. [40].

2.2. The nineties. Transfer printing techniques

Alternatively, the CL can be applied using a transfer printing
method in which the CL is cast to a PTFE blank. The CL is then decaled
onto the membrane. This process is mainly used to manufacture MEAs
in an easy way in aresearch laboratory [42]. In his 1993 patent, Wilson
[43] described the thin-film technique for manufacturing CLs in PEFCs
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with catalyst loadings lower than 0.35mgcm 2. In this method, the
hydrophobic PTFE, traditionally employed to bind the CL, is replaced
with hydrophilic perfluorosulfonate ionomer (Nafion).

2.2.1. Screen printing

The screen printing method consists of setting ink across a print
matrix to be deposited on the surface [44], see Fig. 5. To sum it up,
there are free volumes between the wires in each screen print matrix
preparation. The printing ink permeates the free volume and it is fixed
at the printing substrate.

Wang et al. [45] suggest a practical application of the method. The
first step is to grind the paste with solutions, organic solvents. Next, the
paste is put into a small plastic container to be mixed with a high-speed
blender; then, the catalyst paste is applied to the membrane with the
screen printer. In the scientific literature, most of the works related to
the manufacture of MEAs were focused on Solid Oxide Cells [46,47]
instead of MEAs for PEFCs.

The screen printing method is simple and effective. The only tool
necessary to carry out the technique is a paintbrush, although it pre-
sents certain disadvantages. The main one being, it is uneasy to control
the uniformity of deposited catalyst ink on the electrode; it depends on
the person who uses the materials, while a lot of time is required to
complete the process [48].

2.2.2. Decal transfer

The decal transfer method is also called the indirect CCM method
that is expected to be suitable to the mass production of MEAs for
PEFCs. This method has continuous film processes [49]; CLs are coated
on thin-film substrates, transferred to the membrane, and the decal
substrates are removed after baking. The problem might be that the
heat treatment process can produce structural changes [34].

Decal transfer is effective to fabricate membranes because of its low
interfacial resistance. This known method is adequate to scale pro-
duction and it is based on four main steps: catalyst slurry manu-
facturing, slurry drying onto a substrate; catalyst layer hot-pressing
onto a membrane; and substrate removal. Before the transfer of the
catalyst loading, the membrane is treated with a liquid through
brushing and the excess of liquid is removed by using a vacuum plate.
After this, the following step is to transfer the CL from the substrate to
the membrane. The catalyst coated substrate is pressed onto a mem-
brane without liquid treatment at 110°C and 6 MPa, and the hot-
pressing step is at 240°C, Fig. 6 [50-52].

2.3. Beginnings of the 21st century. Electro-mechanized techniques

Conventional deposition methods, described up to now, have the
disadvantage of leaving inactive sites because the catalyst is not dis-
tributed uniformly. Remembering that the electrochemical reaction in
the fuel cell is limited only by the interface between the PE (e.g.,
Nafion) and the Pt catalyst exposed to the reactants. For this reason,
techniques based on machining and electrodepositions have been sug-
gested by a number of researchers with the main intention of depositing

Spraying gun

s,  Catalystink

Fig. 4. Schematic diagram of Spraying-applied process.



A. De las Heras et al.

D ‘ Catalyst ink U

Print matrix

Membrane

Catalyst ink
Print matrix

Fig. 5. Schematic diagram of the screen printing process.
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small Pt particles at the polymer electrolyte/electrode interface. Pt ions
are diffused through the thin Nafion layer and have only electro-
deposited at the regions with proper ionic and electronic conductivities.

2.3.1. Sputter deposition

Common vacuum deposition methods include chemical vapour de-
position, physical or thermal vapour deposition, and sputtering.
Sputtering is commonly employed to form CLs and is known for pro-
viding denser layers than the alternative evaporation methods [53].

This technique exhibits a reduction of catalyst loading up to ultra-
low levels and a reduction of the cost [54,55]. Alvisi et al. [54] exhibit
how Pt films are put on GDE substrates with a commercial RF magne-
tron sputtering system (SISTEC LS5000). There is a fixed distance be-
tween the target and the substrate. The sputtering deposition system is
based on a stainless steel in pure Argon.

Natarajan et al. [56] describe the method of sputter deposition to
manufacture a PEM in order to improve the performance and catalyst
utilisation. In their work, the Pt sputtering target used is a piece of
99.99% Pt foil. The sputtering is carried out under an Argon atmo-
sphere at room temperature with a distance about 55 mm (between the
target and electrodes) and a bleeding gas pressure of 0.2 mbar. For a
single layer sputtering standard process, the film is deposited for a
period of 100s with a sputter-current of approximately 40mA. The
desired number of layers is reached by repeating the sequence of the
process. The catalyst ink consists of a mixture of Pt/C powder and
Nafion solution. Then, the following step is to mix and achieve a
homogeneous ink that is painted on the GDL to reach the desired Pt
loading. Hereafter, the membrane and electrodes require hot pressing
to complete the manufacturing. The hot pressing machine requires
130°C and 1000 psi (Fig. 7).
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2.3.2. Doctor blade

In this case, a quantity of the catalyst slurry is deposited on the
membrane in front of the blade using a micropipette, and a spreader is
used then to spread the catalyst slurry on the membrane. The doctor
blade method (Fig. 8) is capable of getting high precision and re-
producibility in catalyst loading. This method is more precise and faster
than the hand painting processes (screen printing and spraying) and a
smooth glass is used to contain the substrate [57]. However, coating the
catalysts onto the membrane can be detrimental because the solvents
and suspension agents used in the slurry may be absorbed in the
membrane. These processing agents may prevent proton transport in
the membrane or cause low transport of water through the membrane
[58].

2.3.3. Electrospraying deposition

Middelman et al. [59], of Nedstack® fuel cell technology, reported
on the development of a CL based on a controlled morphology to en-
hance performance. Middelman increased the mobility of the CL with
high temperatures and chemical additives. Then, an electric field was
employed as the driving force to orient the strands.

The electrohydrodynamic atomization of electrospray is a promising
method to optimise the Pt loading and it is suitable to electrodes mass
production with ultra-low Pt loadings. This technique is based on the
atomization of a liquid or suspension subjected to an electric field. It is
used to make CLs with high catalyst dispersion. Martin et al. [60] de-
scribe the system as follows: the liquid suspension flow rate is con-
trolled inside a capillary tube into the needle by a syringe pump. An
electrical potential difference between the needle and the substrate is
imposed. The suspension reaches the charged droplets spray, and the
electric field helps these charged droplets to get the substrate, while the
solvent is evaporated along the flight. During the evaporation, the
droplet suffers a Coulomb explosion and breaks up into smaller dro-
plets. Fig. 9 shows a schematic diagram of the process.

Wang et al. [61] show a different process for electrospraying de-
position, which comprises a combination of electrospinning and elec-
trospraying process to produce CLs for PEFCs. In this simultaneous
process, the Pt/C nanoparticles are deposited by two different needles
to get unique nanoparticle/nanofiber electrodes. This combination of
processes achieves higher level of control of Pt loading than other
electrodes fabrication techniques.

2.3.4. Dual ion-beam assisted deposition (DUAL IBAD)

While the principal aim of all previous alternatives is to improve the
charge transfer efficiency at the interface, the dual ion-beam assisted
deposition (DUAL IBAD) involves a series of vacuum deposition steps
with adequate selection of solvents and carbon blacks.

This technique exhibits some advantages such as good metal effi-
ciency, very low loading of the catalyst based on nanoparticles and low
temperature [68].

Dual IBAD consists of the combination between physical vapour
deposition (PVD) and ion-beam bombardment. An electron-beam eva-
porator is used to generate vapour of coating atoms which are deposited
on the substrate and ions are accelerated into the growing PVD film at
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Fig. 7. Schematic diagram of sputter deposition.
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Fig. 9. Schematic diagram of electrospraying deposition.

energies of several hundred to several thousand electron volts
(500-2000 eV) [42].

This method requires a relatively lower Pt loading and higher Pt
utilisation. Dual IBAD is expected to be an alternative technology to
overcome many of the problems of other methods such as electro-
deposition and sputter deposition. In this method, the electrode has a
significantly different morphology in which low-density Pt deposits are
formed by varying depths of penetration into the GDL, exhibiting a
gradual change towards increasing crystalline character [69].

2.4. Present. Drop-on-demand technologies

The latest technologies nearly allow deciding the catalyst particle
location, with the advantage that these drop-on-demand technologies
can deposit the catalyst without contact between the printer head and
the substrate. This feature results in high precision values and conse-
quently low Pt loading. Another important attribute of drop-on-de-
mand-based manufacturing is the exceptional reproducibility combined
with the unique ability to adapt the manufacturing process to evolving
designs or applications. This characteristic may be used to achieve the
very low cell failure rates needed to maintain acceptable levels of
failure in assembled stacks.

2.4.1. Inkjet printing

Inkjet printers use an electrostatic field to direct the flight of ink
droplets [62], and in case of large-scale inkjet printers, they can utilise
multiple cartridges capable of holding a variety of solutions (various
“colours”) for multiple applications or for variations of MEA composi-
tion as well as across a specific printed electrode area. The most im-
portant parameters are the ink viscosity and surface tension, as well as
the particle size. The energy of each printed drop must be sufficient to
overcome the viscous flow and surface tension of the ink, yet the
viscosity must be low enough to allow the ink reservoir to refill it
quickly.

This technique has a good potential to control Pt loading. It is not a
conventional process for MEAs manufacturing. Inkjet printing (Fig. 10)

Renewable and Sustainable Energy Reviews 96 (2018) 29-45

is a catalyst application method for PE cells and it has a high precision
for controlling the catalyst deposition for ultra-low Pt loadings. Better
results are shown in Pt utilisation than the conventional catalyst de-
position methods such as screen printing and spray painting [63]. This
technique is based on a drop-on-demand printing method. The printed
dot is produced from the nozzles of the inkjet printer that ejects ink
onto the substrate. Ink ejection speeds are between 5 and 10ms ™~ ' and
nozzles are set about 1 mm over the substrate [62]. Towne et al. [62]
suggest how to apply this method using a modified printer. In their
work, they use the ink cartridges that are cleaned and refilled with the
catalyst ink using a syringe. Then, the membrane is put inside a cel-
lulose acetate sheet to be fed through the printer using the paper feed
platen. Software is used to control the parameters and less than 1 min is
needed to dry the MEA.

2.4.2. Ultrasonic spraying

The main drawbacks of some deposition catalyst methods are: (i)
heating, i.e. oxidative treatment is required in order to ‘clean’ the Pt
particles from preparative chemical contamination, (ii) these treat-
ments can greatly affect the surface structure/morphology of the Pt
particles, and (iii) the presence of inactive Pt sites for electrochemical
reactions at the TPB is often observed [35]. Millington et al. [35] re-
port, for the first time, the use of ultrasonic-spray for the fabrication of
PEFC electrodes (GDEs). Five types of GDL were coated with catalyst
ink by the ultrasonic-spray method and their performances were com-
pared.

This method has many advantages to fabricate ultra-low Pt loadings
MEAs such as precision and controllability. But the main disadvantages
are its high cost and that it is unsuitable to high viscosity ink [64]. Su
et al. [31] describe the process which consists in putting the catalyst ink
in a glass vial and mixes it through an ultrasonic bath. After this, the
catalyst ink is ultrasonically sprayed onto the GDL as gas diffusion
electrode. With ultrasonic spraying, possible agglomerates in the sus-
pension are broken up resulting in homogenous distribution of the
catalyst, resulting in higher efficiency of the fuel cell.

This process consists on mixing the catalyst ink and spraying it onto
the GDL ultrasonically using a spray instrument operating at 120 kHz. A
sonicated syringe is used (60 kHz) to put inside the catalyst ink previous
to atomization in the noodle and sprayed a set flow rate. This step is
repeated as many times as necessary to achieve the required Pt catalyst
loading. The last step is to dry the fabricated GDEs at 50 °C for 15 min
(Fig. 11).

Finally, in order to summarize and order everything analysed thus
far, Table 1 shows a chronological classification of catalyst deposition
techniques highlighting their main characteristics according to their
chronological appearance, noticing some features as well as their

Pint head

Vaporization flow

Catalystink ¢
L X X X
L X X X
L X X X
L X X X X
L X X X X

Membrane

Fig. 10. Schematic diagram of the inkjet printing process.
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Fig. 11. Schematic diagram of the catalytic-mix formation for ultrasonic
spraying deposition.

properties.

3. Bipolar plates manufacturing. Techniques development at the
same time that new materials appearance

As we have already commented, MEA and BPs are the basic com-
ponents of a PEFC [18,71]. Bipolar plates are responsible around
60-80% of the total weight, 30-45% of stack cost [25] and 70-80% of
stack volume [26,72] in a typical PEFC stack, Fig. 2.

In spite of recent technical advances, the development and pro-
duction of PEFC systems are still expensive [73]. The main cost of the
fuel cell stack are the electrolyte membrane, the Pt catalyst deposition
and the BPP manufacture [25,73,74]. In particular, for BPs depending
on the manufacturing technology, their cost is expected to be up to
37%; below 100 €/kW and 15 €/kW for stationary and automotive
applications, respectively [73]. The BPs have six basic functions over
the fuel cell structure, Fig. 12: (1) separating the individual cells; (2)
delivering the reactant gases; (3) providing an electrical connection; (4)
removing the water by-product; (5) dissipating the heat of the reaction;
and (6) carrying the clamping force [75,76].

For these purposes, BPs should have some characteristics to make
them suitable for these functions such as (1) high electrical conductivity
(>100Scm ™), (2) low permeability (< 2:10™° em® (ecm? s)™ '), (3)
high corrosion resistant (< 16pAcm™?), (4) flexural strength
(> 59MPa), (5) tensile strength (> 41 MPa), (6) impact strength
(>40.5Jm™ "), (7) crush strength (> 4200kPa), (8) high thermal
conductivity (>10Wm™! K1), (9) chemical, electrochemical and
thermal stability, (10) low thermal expansion coefficient and (11) in-
expensive material and processing costs [17,77,78].

Fig. 12 can identify possible patterns to design the flow channels
like straight-parallel (cathode) and multiple serpentine (anode). Other
forms include grid-pin or biomimetic designs based on natural flow
field like animal lungs or plants xylem [79]. Each design has its own
characteristics, for instance: parallel and grid-pin patterns offer many
paths from input to output, but the reactant will flow along the path of
least resistance. Therefore, in case of channel blockage, such as the
formation of water droplets, very common at the cathode side, will
worsen the fuel cell performance.

By contrast, designs based on one single flow channel such as ser-
pentine avoid the above commented problem but require high-pressure
supply to avoid fluctuations in the current density due to the long flow
path. As a solution, designs such as multiple serpentine or biomimetic
emerge with the aim of finding a trade-off between advantages and
disadvantages.

Additionally, in Fig. 12 making a cross section shape of the BPs,
channels can be distinguished with triangular geometry on the cathode
side and rectangular geometry on the anode side. This can be justified
on the basis of the research work carried out by Akhtar et al. [80], in
which they demonstrate that channels with triangular shape accumu-
late less water and channels with rectangular shape can remove more
easily any blockage. This makes triangular and rectangular geometries
ideal for the cathode side (electricity and water production) and anode
side (the hydrogen must flow from inlet to outlet along the serpentine),
respectively.

Apart from the BPs design, the manufacturing process is another
issue to take into account. This will depend on the BPs material.
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Nowadays, BPs can be classified into five categories according to the
material used in the manufacturing process: (1) non-porous graphite
BPs, (2) coated metallic BPs, (3) polymer-carbon composite BPs [81],
(4) carbon-carbon BPs [25] and (5) porous/foam metal BPs [82-84].
Currently, the most extended used are the first three [81]. This is be-
cause of the technology to manufacture carbon-carbon BPs is not ma-
ture like the few works found in the scientific literature show [85]. In
contrast, porous/foam metal BPs are being more investigated recently
due to its good properties such as high porosity, controllable perme-
ability, higher specific surface area, capillarity, etc. [86,87].

Non-porous graphite BPs have been traditionally used because of
their intrinsic high electrical conductivity, chemical stability [23,71]
and thermal stability leading to good corrosion resistance, which is
especially important in PEFCs characterised by aggressive operating
environment with a pH of 2-3 (remember the anode reaction in the fuel
cell: H, — H" + 2e). This exposure to an acidic environment makes
the material properties worse in applications such as stationary, in
which more than 40,000h of reliable operation are required [73].
Moreover, they are brittle, they lack mechanical resistance and need
machining in the flow field channels design, which increases the
manufacturing costs [23,71].

There are other alternatives to graphite such as coated metallic and
polymer-carbon composite BPs. The former incorporates the ad-
vantages of metallic materials such as high electric and thermal con-
ductivity, excellent strength and low production cost [23]. However,
due to above mentioned corrosive environment in the fuel cell, metallic
BPs are protected with coating layers giving rise to their name (coated
metallic BPs).

In contrast, the polymer-carbon composite BPs (metal-based and
carbon-based) combine porous graphite, polycarbonate plastic and
stainless steel for metallic-based, and if carbon-based BPs poly-
carbonate is replaced by thermoplastic resin. In any case, the polymer-
carbon composite BPs try to combine the advantages of the different
materials used (graphite, polycarbonate or resin and stainless steel),
resulting in an excellent chemical and thermal stability, easy malle-
ability and cost-effective manufacturing process [73,88].

This BPs classification according to the material used in the man-
ufacturing process allows introducing the techniques for the flow field
channels design [14]. Then, in non-porous graphite BPs, traditionally
the most used material, a conventional technique as compression
moulding was initially used. More recently, machined techniques such
as CNC milling have made possible the manufacturing of miniature BPs,
specifically designed for low and ultra-low power PEFCs applications.

Additionally, when BPs started to be developed using metals (alu-
minium, stainless steel, titanium or nickel), apart from using con-
servative techniques such as stamping, other techniques used in me-
tallurgy were incorporated to the BPs manufacturing process (injection
moulding, investment casting and UV lithography). In the last years, of
course CNC milling has been also used in the design of flow field
channels for coated metallic BPs. Apart from the flow field design, the
protective coating layer (as above mentioned) is deposited following
techniques similar to those used for catalyst deposition that authors
have already described in Section 2 (painting, sputtering, vapour de-
position, etc.). For porous/foam metal BPs, the methods used are the
same that those used for metals BPs such as investment casting, elec-
trodeposition or metal vapour deposition [87]. It is possible to inject
gas or gas-releasing blowing agents or to produce super-saturated
metal-gas solutions to form pore spaces. A popular method used is to
get foam metals from molten metals by making gas bubbles into the
liquid to form pore spaces [82].

Bipolar plates, based on polymer-carbon composite, combine with
some previous techniques. Stamping is used for the flow field channel
design over the stainless steel, while graphite powder and resin (in case
of carbon based, and polycarbonate plastic in case of metal-based) are
moulded using previously mentioned techniques such as compression
or injection. Following, a chronological review about the most common
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Table 1
Processes of catalyst deposition ordered chronologically.
Period Method Ref. Pt (mg em'?) Power (W) Equipment Properties
80s Spraying [34,39-41,65] 0.3 mgp, cm™ 430 mW Spraying gun ® Unsuitable for ultra-low catalyst
(anode) mgp," loading (< 0.5 mgp, cm?)
Sprafre g 0.4 mgp, cm™? ® More ink, longer time to dry
(cathode) ® Not easy to control the uniformity

® Middle precision
® Tolerable for small-sized MEAs
® Simple
® Effective
[44-48] 0.4 mgp, cm™? 800 mW Paint brush ® Not easy to control the uniformity
(cathode) mgp, ! (depends on the person)
0.6 mgp, cm™? ® Requires a lot of time
(anode) ® Not suitable for ultra-low
catalyst loading (< 0.5 mgp, cm™?)
® Simple
Effective
Tolerable for small-sized MEAs
[34,50-52] 0.340-0.420 mgp, 1W mgp,? Decal substrates Heat treatment can cause
cm? structural changes
Mass production
Low interfacial resistance
Effective

90s

Early 21st Sputter Deposition [54~-56,66] 0.01-0.16 mgp cm®  85W mgp, " Magnetron sputtering ® Strict atmosphere control

century system Vacuum conditions required
L H o Not easily adaptable to bulk
v ',I = production

Ultra-low catalyst loading

Cost reduction

Not for mass production

High precision

Reproducibility

Fast

Efficient

Control of thickness

Doctor Blade [57,58] 0.125 mgp, em™ 5W mgp,!  Micropipette
; Spreader

Electr‘)spraying [60,61] 0.052 mgp, cm'22 42W mgp,'  NeedleSyringe pump Ne;msa:y improve re:l;oducibilily

o) -0.022 mgp cm” and evaluate its capabilities
deposmon Ultra-low Pt loading

High catalyst dispersion

Suitable for mass production

No vacuum requirements

Easily scalable to any size

Simple experimental set up

High Voltage
Power Supply

Dual Ion Beam Assisted Deposition [67-69] 0.04 - 0.12 mgp, 3.862W Electron beam

em™? mgp, " evaporator

Expensive

Not for mass production

Good efficiency of the metal
Very low loading of the catalyst
Low temperature

Expensive

No conventional

High precision

Fast

Mass production

Present Inkjet Printing [48,62] 0.020 mgp, cm™> 16 W mgp, ' Inkjet printer

[31,35.64,70] 0.232 mgp, em? 1.69 W mgp,  Glass vial spray ® High cost
(cathode) B instrument ® Not suitable for high viscosity ink
0.155 mgp, em* 2.36 W mgp, ® Ultra-low Pt loading
.
.

(cathode) E Precise
Controllable

Catalystink |

Nozzle body

techniques used in the BPs manufacturing process is presented. We 3.1. The seventies. Mould under pressure to obtain the workpiece
would like to point that the given date for locating each technique

correspond with the date that the technique is formally analysed in the As commented in Section 2, fuel cells technology began to be de-

scientific literature in applications related to BPs manufacturing for veloped along the second half of the twentieth century. In particular, it

their further application in PEFCs. was driven into the seventies when researchers started to focus their
36
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Fig. 12. Cathode bipolar plate (on the left), anode bipolar plate (on the right) and a medium power stack of 3.4 kW from Ballard®.

works on obtaining from the fuel cells their best performance with the
lowest catalyst loading over the membrane. At the same time, for the
BPs manufacturing processes such as stamping and compression
moulding were used.

3.1.1. Stamping moulding
Stamping process is one of the most common production processes

to fabricate metallic BPs [89], because of its short processing cycle [90]
and inexpensive cost [25]. In this case, two dies (male and female) are
needed, which are filled with the chosen material and pressure is ap-
plied to the upper die to deform the material plastically in the desired
shape [91] (Fig. 13).

Heo et al. [92] show a detailed description of the stamping method
that consists of inserting the fabricated preform into a steel mould pre-
heated to 150°C for 30s. The stamping process is applied causing the
melted phenol resin to infiltrate into the voids of the preform. In this
work, the optimal stamping pressure (20 MPa) and the optimal curing
time (3 min) are studied. Moreover, this process requires both male and
female dies for forming the flow field channels.

3.1.2. Compression moulding

Compression moulding [93] teams with stamping process to be
suitable for mass production [94-96]. The difference in this process is
that the female die is only needed, which is pressurized with a heated
fluid (Fig. 14). Concerning the process conditions, it is important to
point out that the micro-channels depth increases with increasing
compression pressure. The main advantages of this process for manu-
facturing BPs are its good surface topology, uniform thickness
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distribution and tight dimensional tolerance [25].

Jung-Chung et al. [97] present a study in which micro-flow chan-
nels with a high aspect ratio are formed by increasing the forming
pressure during the process. Nevertheless, this work improves the
forming pressure via a novel patented apparatus to enable a two-stage
pressure increase in the process; therefore, the working pressure can
reach 1000 MPa.

Finally, although these two processes (stamping and compression
moulding) are characterised by its simplicity and reduced processing
time, they present two main drawbacks in the BPs production: (1)
formed defects can appeared such as wrinkle and rupture during the
process, and (2) an uniform flow distribution along the channels during
PEFC operation is not guaranteed.

Pressure

AAAAAAA
T
A

Fig. 13. Stamping scheme for the BPs manufacturing process.

Composite Melt
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Pressure

ERRAARA

Composite Melt

Fig. 14. Compression moulding scheme for BPs manufacturing process.

3.2. The eighties-nineties. Casting methods to fill the mould

When new materials (coated metallic) began to be used for the BPs
manufacturing process [98], techniques based on casting were in-
corporated such as injection moulding and investment casting.

3.2.1. Injection moulding

This process consists in three basic steps (Fig. 15): (1) the molten
metal is ladled into the pouring hole of the shoot sleeve; (2) the plunger
is moved toward the mould at established speed (v;) and the vacuum
pump starts working, and (3) the plunger is moved slowly (v> < ;) to
the end of the sleeve ejecting a pressure around 50 MPa. This process is
suitable for manufacturing BPs with arbitrarily complicated shapes and
mass production is possible because of its short process cycle time
(around 30-60s) and potentially low manufacturing costs [99].

3.2.2. Investment casting

The investment casting process [14] begins with the fabrication of a
sacrificial mould, normally ceramic-based with the same basic geome-
trical shape as the workpiece. Once the mould is finished, it is heated
and filled with molten metal, creating the metal casting (Fig. 16). When
the casting has cooled sufficiently, the mould shell is chipped away
from the solidified workpiece [100,101].

This process is capable of producing pieces with complex shapes
[102], but due to the pattern scarify, a new mould is necessary for each
BP fabrication cycle. For transforming molten metals into porous/foam
metals, a popular method is to make gas bubbles into the liquid to form
pore space. An easy way to realise this is to inject gas or to add foaming
agents into the melted metals [82,87].

Vacuum T

BPP mould

Plunger

(a)

Vacuum T

BPP mould

(b)

Renewable and Sustainable Energy Reviews 96 (2018) 29-45

Molten metal

Ceramic shell
Solidified
workpiece BPP

(a) (b)
Fig. 16. Investment casting scheme for the BPs manufacturing process: (a)

preheated mould and filled with molten metal; and (b) solidified workpiece
after chipping away the ceramic shell.

3.3. First steps inward the 21st century. High precission methods for small
size plates

It is well known that fuel cells technology is especially suitable for
stationary and mobile applications, but for the first half of this century
one of the challenges has been to adapt this technology to be used in
portable applications as the products of the so-called 3C Industry. For
this purpose, it is essential to develop miniature fuel cells that include a
stack characterised by its mechanical strength and reduced volume.
Then, in basis on their properties, the coated-metallic BPs satisfy these
requirements and they may be designed to obtain sheets with 100 pm-
thick [72].

3.3.1. Micro-electrical discharge machining (Micro-EDM)

With micro-EDM, the flow field channels are formed by electrical
erosion over the conductive material [103]. Applying electrical pulses,
electrodes (work and tool piece) take the desired shape and through the
supply of a dielectric liquid, both electrodes are insulated and the non-
desired material is removed (Fig. 17a). Additionally, due to the tool and
workpiece do not contact each other, adverse effects derived from
mechanical force and vibrations are minimized.

As it can be deduced, micro-EDM is a point processing technique;
thus, among its disadvantages are time consuming and intensive labour.
To overcome these drawbacks, we should think in an area-processing
technique in which the electrode changes from a rod form to a cuboid
(Fig. 17b). This simple innovation receives the name of die-sinking
micro-EDM [72] and, in this case, the processing path is a single

Vacuum T

(c)

Fig. 15. Injection moulding scheme for the BPs manufacturing process: (a) plunger moving at low speed region; (b) casted material filling the mould; and (c) work

piece ready.
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Electrode

Workpiece

(a)
Fig. 17. (a) Micro-EDM scheme and (b) die-sinking micro-EDM.

direction and the flow field channels are formed in one-step, turning the
slow micro-EDM technique into a fast process.

3.3.2. UV lithography

Following with the aim of developing miniature fuel cells, another
alternative technology is the UV lithography [104]. This technology is
suitable to coated-metallic BPs that, because of their strength, the plates
coalesce three functions: to distribute the reactant gases as they do the
flow field channels; to catch the electrical current as the current col-
lectors do; and to compress the cell assembly as the end plates do. This
makes them suitable for designs focused on small fuel cells.

UV lithography is a technology based on a nanoscale metallic de-
position process, which can create precise and detailed forms. Over a
substrate, normally stainless steel, a photoresist is deposited. The
photoresist has been designed with the desired flow field channel
shape, and after UV-exposure during 50s, the un-exposed area is etched
away leaving photoresist with flow field pattern (Fig. 18).

Finally, as in the previous study of catalyst deposition techniques,
Table 2 summarises and sorts chronologically the studied BPs manu-
facturing techniques, highlighting their main technical characteristics
and properties.

4. Stack assembly techniques. The sandwiched structure

Coming back to Fig. 1, at the beginning of the paper, the authors
have presented the well-known sandwiched structure of a PE cell made
up the MEA and BPs, apart from the other auxiliary elements such as
end plates, gaskets and current collectors. Next, a number of cells will
be assembled (resulting in the Stack) to achieve the voltage and power
level required by the final application. In this assembling process, the
stack, end plates and the bolts are mounted on a stack assembly station
(Fig. 19) to give as result a stack with similar appearance to that shown
in Fig. 12,

In this connecting method (tie-rod and bolt), the clamping load
plays an important role because the excessive assembly may cause
plastic deformation or porosity variation and damage to the GDL. By
contrast, poor assembly may result in a high contact electrical re-
sistance at the interface between the GDL and the BP, as well as leakage
of water or fuel at the sealed interfaces [110].

Apart from this, even considering a proper clamping load is applied
over the whole end plate, some variation in the channels height derived
from the BP manufacturing process (Fig. 20) would induce severely
uneven contact pressure in different regions of the whole stack. As a
result, fuel cell performance is reduced by the dimensional error [111].

Regarding the scientific literature, most of the works focus on
studying the effects of various configurations of the bolt and its
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(b)

clamping torque on the PEFC performance on the basis of experiments
[20,112,113] and the finite elements theory [114,115]. However,
PEFCs assembling methodologies are proposed in very few studies. A
sample of them are the following, Lin et al. [110] present a compre-
hensive methodology to obtain the optimal clamping load for a given
PEFC stack. In addition, Qiu et al. [111] propose a feasible and effective
methodology for the study of assembly design, calculating the optimal
clamping displacement/pressure. In contrast to the variety of catalyst
deposition and BPs manufacturing techniques, the stack assembly
process can be reduced to that shown in Fig. 19.

5. Discussion

Based on the previously presented data in the process of manu-
facturing a fuel cell stack, there are two main parts that make up the
highest percentage from the point of view of cost, weight and volume.
These parts are the MEA because of catalyst deposition and the BPs.
This paper presents a review on the most relevant techniques for cat-
alyst deposition in a MEA, and a description of the main methods used
in the manufacturing of BPs. This review has been presented in
chronological order to aid in the understanding of the solutions that
have come forth to face this scientific challenge (Fig. 21).

The catalyst deposition techniques, the most conventional process,
which dates back to the 1980s is spraying, characterised by its simpli-
city and effectiveness. However, it is difficult to control the uniformity
of the deposition because it depends on the person performing the de-
position, rather than on a machine. Therefore, it is not suitable for
ultra-low catalyst loading and it does not allow sufficient precision.
Additionally, the more ink amount the membrane has, the longer time
it takes for the membrane to dry.

In the following decade, scientists began to use screen printing and

Anode Cathode

(a) deposition of SiO,/SisN,

I [ RS §
(b) double-sided lithography

B N PNy Sl B LIl T Do) G0
(c) KOH etching

P SR AL [ERERAW =W W]
(d) sputtering of Ti/Cu/Au

Fig. 18. UV Lithography scheme.
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Table 2
Summary of bipolar plates manufacturing processes ordered chronologically.
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Period Process Refs. Process Plate

Channel Operation Properties

Steps D

Di i Temperature

708 Stamping [25,90-92] Three

ARARRAR
T
LERXIEZ]

Compression 18,25,94-97] Two

Moulding

TYTIRY

80s-90s [17,73,92,99] Three

Injectio

[82,87,100-102] Four

[;westment
Casting

Nowadays [72,103,105-108] One 4 x4 cm

~ Micro EDM

UV-"thography [104,109] Eight 4%x4 cm

10) double-sised inhography

I} sputtering of Ti/Cu/Au

70x 70 mm
100 x 100 mm

70x 70 mm
40 % 40 mm

25x 25 cm
25x 25 cm

6 mm (thick)

2.6 mm (thick)

1.5mm (width)
0.5mm (depth)

150°C ® Common process

® Require both (male and female)
die

® Complex physical process

® Fast

® Inexpensive

® Mass production

® Difficulty precision

® Forming defects appear

® Optimal stamping pressure:
20 MPa

® Optimal curing time 3 min

® Good surface topology

® Uniform thickness distributions

® Tight dimensional tolerance

® Mass production

® Working pressure: 55.2 MPa,
82.7 MPa, 843 MPa

0.75mm (width, 80°C
depth, land area)

1.2mm (width)
1.5mm (depth)

250°C ® Low cost bipolar plates

® Mass production

® Low productivity

® Insufficient electrical
conductivity

® Tensile strength: 15.85 MPa

1.5mm (width)
0.75mm (depth)

BP with complex shapes
Reduced cost

Not suitable for small sizes
Working pressure: 1 atm

300 pm (width) Room temperature ® Higher aspect ratio

300 pm (depth) ® Higher degree of precision

200 mm (length) ® Precision up to sub-micron

® Suitable for micro-scaled flow
channels

® Efficient method

® Not useful for mass production

® Working pressure: 1 atm

® Suitable for producing
metallic BPs with micro-
features

® Risk of precision loss due to
number of manufacturing steps

® Lack of substrate properties due
to non-uniform thickness

® Working pressure: 1 atm

100 pm (width) 120°C

200 pm (depth)

decal transfer methods. These are simple techniques in which the CL is
applied using a transfer printing method. Unfortunately, the uniformity
of the CL is not easily controlled and, especially in the decal transfer
technique, heat treatment can cause structural changes.

At the turn of the 21st century, processes that are more complex
began to appear. These processes are based on more complex deposition
techniques such as sputter deposition, the use of a doctor blade, elec-
trospraying deposition and Dual IBAD. These methods require more
complex equipment as a magnetron sputtering system or an electron
beam evaporator; thus, the process costs increase substantially because
of the equipment. Otherwise, these processes present several ad-
vantages such as better efficiency, reproducibility and high precision
(because the catalyst deposition on the membrane is controlled by the
equipment instead of the user). It is important to point out that the
same system performance is reached, while keeping the catalyst loading
ultra-low.

The most recent techniques are oriented towards drop-on-demand
technologies such as inkjet printing and ultrasonic spraying, which are
advantageous because of their high precision values and consequently

low Pt loading. These techniques allow a customisable GDE, where the
only major variable to control is the viscosity of the ink.

Regarding the cost of the catalyst process, spraying techniques are
the most inexpensive because the only tool used is a spray gun, which
can be used for manufacturing several cells. Screen printing, decal
transfer and doctor blade are more expensive because they require the
use of a print matrix and a paint brush, thin-film substrates and a mi-
cropipette and spreader, respectively. Especially for decal transfer, it is
necessary to use a new thin-film substrate every time a cell is manu-
factured. In the rest of techniques, the cost increases because complex
equipment for the manufacturing is needed. The cost of the equipment
increases from the inexpensive equipment such as inkjet printing
(which uses a printer), electrospraying deposition (which uses an
electrospray) to more sophisticated equipment and more expensive as
well, sputter (which uses the equipment of the Fig. 7), Dual IBAD
(which uses an electron-beam evaporator) and ultrasonic spraying
(which uses an ultrasonic bath and an ultrasonic spray). However, the
more expensive the equipment is, the less catalyst is used. A summary
on the catalyst deposition techniques is shown in Table 3. The most
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Fig. 19. Conceptual scheme of a stack assembly station.
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Fig. 20. Schematic diagram of a dimensional error associated to channel
height.

important advantages and disadvantages, and the relative cost of each
process, are included.

Apart from the catalyst, there are other basic elements that play an
important role in a PEFC stack as the BPs. Their roles are very important
because they are responsible for separating the individual cells, deli-
vering the reactant gases, maintaining an electrical connection, re-
moving the water by-product, dissipating the heat of the reaction and
providing the clamping force.

The handmade deposition catalyst techniques are the prelude of the
first BPs manufacturing processes such as the stamping and compres-
sion moulding in which the mould is put under pressure to obtain the
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workpiece. These techniques are simple and suitable for mass produc-
tion, in spite of the medium-high pressure required for most of them
(higher than 15 MPa).

During the eighties and nineties, with the arrival of new materials
for BPs like coated-metallic, the high pressure-based methods are re-
placed by casting methods like injection moulding and investment
casting. These techniques facilitate the manufacturing of BPs with ar-
bitrarily complicated shapes. Nevertheless, these techniques require a
relatively high working temperature of around 250 °C and they are
unsuitable for small BPs sizes.

Nowadays, with the aim of making the fuel cells technology com-
petitive for the 3 C Industry, new BPs manufacturing methods have
begun to appear such as micro-EDM and UV lithography. These tech-
niques allow developing miniature BPs with high precision rate in the
flow field channels at room temperature and pressure.

In the assembly process, the clamping load plays an important role
because both excessive and poor assembly may cause variation in the
electro-physical-chemical properties of the MEA+GDLs structure and
BP surface, as well as leakage of water or fuel at the sealed interfaces. In
this sense, several studies are referenced where a design methodology is
proposed to obtain the optimal clamping load for a given PEFC stack.

Regarding the cost of BPs manufacturing, the most simple and in-
expensive techniques are stamping (which uses two dies: male and fe-
male), compression moulding (which uses a female die and a heated
fluid) and investment casting (which uses a ceramic-based with some
basic geometrical shape as the final piece). However, new tools are
needed for each different BP. Otherwise, injection moulding uses the
equipment of Fig. 15, which is more expensive than the tools used in
the above-named techniques, but the equipment can be used for man-
ufacturing different BPs. In micro-EDM and UV-lithography, the cost of
the equipment increases, because micro-EDM uses electrical erosion
equipment and UV-Lithography includes photo-resist and UV equip-
ment. Therefore, it is important to consider what pieces are needed for
each method, initial cost must be considered along usage plans and
whether or not new pieces must be made for each type of BP in order to
optimise cost. The summary of the most important advantages and
disadvantages and the cost of the process is included in Table 4.

Finally, Fig. 22 orders the catalyst deposition and BPs manu-
facturing techniques from the most inexpensive to the most expensive.

6. Conclusions

The process of manufacturing a fuel cell stack starts with the MEA
catalyst deposition of each cell. Afterwards, the BPs are manufactured
and, finally, each cell is stacked to create the finished product. In a PE
cell, the MEA and BPs are responsible for more than 80% of the total
weight, volume and cost. Therefore, taking into account the most
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Fig. 21. Timeline classification of catalyst deposition and BPs manufacturing techniques.
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Table 3
Catalyst manufacturing processes comparative: advantages, disadvantages and cost.
Catalyst Deposition Method Advantages Disadvantages Cost
Spraying ® Tolerable for small-sized MEAs ® Not suitable for ultra-low catalyst loading (< 0.5 mgp, cm™?) ® Inexpensive
® Simple ® More ink, longer time to dry
® Effective @ Not easy to control the uniformity
® Middle precision
Screen Printing ® Simple ® Not easy to control the uniformity (depends on the person) ® Middle price
® Effective ® Require a lot of time
® Tolerable for small-sized MEAs ® Not suitable for ultra-low

Decal Transfer

Sputter Deposition

Doctor Blade

Electrospraying deposition

Dual Ion Beam Assisted Deposition

Inkjet Printing

Ultrasonic Spraying

Mass production

Low interfacial resistance
Effective

Ultra-low catalyst loading
Cost reduction

High precision
Reproducibility

Fast

Efficient

Control of thickness
Ultra-low Pt loading

High catalyst dispersion
Suitable for mass production
No vacuum requirements
Easily scalable to any size
Simple experimental set up
Good efficiency of the metal

Low temperature
No conventional
High precision

Fast

Mass production
Ultra-low Pt loading
Precise

Controllable

Very low loading of the catalyst

catalyst loading (< 0.5 mgp cm ~?)

Heat treatment can cause structural changes

Strict atmosphere control

Vacuum conditions required

Not easily adaptable to bulk production
Not for mass production

Necessary improve reproducibility and evaluate its capabilities

Not for mass production

Not suitable for high viscosity ink

©® Middle price

® Expensive

® Expensive

® Expensive

® Very expensive

® Very expensive

® Very expensive

Table 4
BPs manufacturing processes comparative: advantages, disadvantages and cost.
BP Manufacturing Process Advantages Disadvantages Cost
Stamping ® Common process ® Three steps ® Inexpensive
® Fast ® High temperature operation (150 "C)
® Inexpensive ® High pressure operation
® Mass production ® Complex physical process
® Difficult precision
® Forming defects appear
Compression Moulding ® Two steps ® High pressure operation ® Inexpensive
® Good surface topology ® Tight dimensional tolerance
® Uniform thickness distributions ® High temperature operation (80 'C)
® Mass production
Injection Moulding ® Low cost bipolar plates ® Three steps ® Middle price
® Mass production ® High temperature (250 'C)
® High pressure
® Low productivity
® Insufficient electrical conductivity
Investment Casting ® Atmospheric pressure ® Four steps ® Very expensive
® BP with complex shapes ® High temperature (250 'C)
® Not suitable to small sizes
® Common process
Micro EDM ® One step ® Not for mass production ® Very expensive
® Room temperature
® Atmospheric pressure
® Higher aspect ratio
® Higher degree of precision
® Precision up to sub-micron
® Micro-scaled flow channels
® Efficient method
UV-lithography ® Atmospheric pressure ® Suitable for producing metallic BP with micro-features ® Very expensive
® Metallic BP with micro-features ® Risk of precision loss because of the steps

Lack of substrate properties
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Fig. 22. Cost classification of catalyst deposition and BPs manufacturing techniques.

important matters involved in a PEFC, the presented work has devel-
oped a chronological review focusing on reviewing the catalyst de-
position processes, BPs manufacturing methods and assembly techni-
ques proposed. The goal of this work is to provide an overview about
the different kinds of techniques that are available to design and
manufacture a fuel cell and, from it, a whole stack. This review shows
how far the fabrication technologies have advanced in the last 50 years
- from new materials to improved techniques. However, this does bring
higher cost. In order to reduce them, many of the catalyst deposition
techniques that have been discussed aim at reducing the amount of
catalyst necessary without losing performance to be able to lower cost
of manufacturing. Nevertheless, there is often a problem: the reduction
of the raw materials increases the cost of the necessary equipment for
an effective manufacturing.

As for the bipolar plates, six main types have been brought to mind
this review: graphite, polymer-carbon, composite, metallic, carbon-
carbon and porous/foam metal bipolar plates. Taking into account the
properties required for BPs (high electrical conductivity, high thermal
conductivity, good mechanical properties, thermal stability, chemical
stability and low cost), the main materials used for the bipolar plates
manufacturing are graphite, metal and composite. This review was
carried out based on a classification of manufacturing techniques ac-
cording to their nature, from the oldest and simplest to the most recent
and complicated process. Their advantages and disadvantages were
studied concerning both materials and manufacturing process to dis-
cern which is the most suitable regarding the final application.
Additionally, advantages, disadvantages and cost are compared
amongst different methods involved in the manufacturing process.

Finally, this review presents a state of the art related to processes
involved in the manufacturing and assembly of PEFC stacks. The
chronological layout has been prepared to display the advances that
have been carried out through history, so that developments can be
easily deduced. This paper also shows that it is relatively easy to build a
PEFC stack by hand without any of the complicated machinery gen-
erally used for its manufacturing.
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Air Cooled Polymer Electrolyte fuel cells (AC-PEFC) are recently receiving especial attention
because they offer the possibility to integrate the oxidant and cooling subsystems in just
one. This feature reduces not only the fuel cell weight, volume and cost but also the control
complexity. In these fuel cells, the Oxidant/Cooling subsystem along with three others
(Fuel, Electrical and Control) make up the Balance of Plant (BoP), which together with the
stack comprise the full fuel cell. It is common to find works focused on analysing the in-
fluence of the Oxidant/Cooling subsystem on the fuel cell. Nevertheless, studies in which
the Fuel subsystem (it is responsible for providing the hydrogen for its reduction—oxidation
reaction with oxygen to form water) is investigated are hard to find on the scientific
literature. It seems like the Fuel subsystem configuration would not have influence over the
whole system performance. Contrary to what one might think, and in basis on experi-
mental results, this paper shows how the fuel cell performance is conditioned by the Fuel
subsystem configuration. The aim of this paper is to present a comprehensive experi-
mental study of an AC-PEFC paying particular attention, so unexplored so far, to Fuel
subsystem configuration, giving the keys for the most suitable BoP configuration which
guarantees the best performance, with the easiest BoP design and the lowest complexity.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

researchers still continue developing their researches in areas
related to new cell designs for better performance, cost
reduction, or optimized cold-start characteristics [4]. One of

As it is widely known, Polymer Electrolyte Fuel Cell (PEFC) is a
promising technology due to its high power density, low
operating temperature, low pollution level, quiet operation,
lower corrosion, simplification of stack design and relatively
quick start-up and shut-down [1-3]. Although in the past
decades there has been a huge progress in the PEFC field,

* Corresponding author.

the reason of this continuous research works is because PEFCs
are suitable for a wide range of applications, including
portable, stationary and automotive power delivery [5—10]
and they are having more and more importance in backup
systems for emergency situations (e.g. earthquakes, terrorist
attacks).

E-mail address: ainhoa.delasherasjimenez@gmail.com (A. de las Heras).
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Nomenclature Control
AC Air Cooled Subsystem
BoP Balance of Plant

BPP Bipolar Plates

DEA Dead-End Anode

DMFC Direct Methanol Fuel Cell

FC Fuel Cell

FTA Flow-Through Anode

GDLs  Gas Diffusion Layers

MEA Membrane Electrode Assembly

PE Polymer Electrolyte
PEFC Polymer Electrolyte Fuel Cell
Pys Hydrogen Pressure
A Stoichiometric rate

A typical PEFCis formed by six main parts (Fig. 1) from the
outermost to the innermost: End Plates, Current Collectors,
Bipolar Plates (BPP), Gaskets, Gas Diffusion Layers (GDLs) and
Membrane Electrode Assembly (MEA) [11]. For the design of a
PEFC from the stack (built by assembling single cells with
similar structure to that shown in Fig. 1), it is necessary to
incorporate additional subsystems. Generally these can be
classified in five groups: Oxidant, Fuel, Cooling, Electrical and
Control, Fig. 2. All of them make up the Balance of Plant (BoP)
and they handle the PEFC works properly [12,13]. The role of
these subsystems is to supply reactants (oxygen and hydrogen
at the appropriate flow and pressure for electrochemical re-
action), remove the heat generated in the stack and maintain
it at the temperature recommended by the manufacturer,
eliminate the water produced, connect the stack to electric
load and process information from sensors to control the ac-
tuators [14,15].

Previous efforts for the development of PEFC have
demonstrated that a reliable design of the BoP is essential for
the fuel cell stack operation as it determines the full fuel cell
performance. In the BoP design, it is important to optimize the
different subsystems, as well as example an oversized BoP

Fuel
Subsystem

Fig. 2 — Scheme of a PEFC fuel cell integrated by the
stack + BoP (Oxidant, Fuel, Cooling, Electrical and Control
subsystems).

configuration results in an increase in parasitic loss, system
volume, weight and noise level [16].

Regarding the scheme of Fig. 2, the authors of this study
have used an AC-PEFC stack, which integrate Oxidant and
Cooling subsystems into one single. This allows that there are
no liquid in the Cooling subsystem, thus facilitating and
simplifying the BoP integration because they do not need
pipes, valves, pumps and heat exchangers, contributing to
reduce weight, volume and cost. Another feature of the stack
used in this work is that it does not require high inlet
hydrogen pressure; indeed, it can operate at pressures close to
ambient. This second feature provides security because it is
not necessary to work with high hydrogen supply pressure
and less stringent requirements in the hydrogen transfer cir-
cuit (connections, pipelines, etc.).

Several authors have developed different BoP configura-
tions [15,17-26], and in all these case authors justify the
chosen configuration in basis on the conditions required by
their systems.

In this sense, there are not too many works in which
different configurations are analysed, discussing their ad-
vantages and disadvantages. Then Youngseung Na et al. [27]

Fig. 1 — Single fuel cell with a 50 cm? active area from Teledyne™, with three-channel parallel serpentine flow fields
(channels of 0.76 mm wide and deep). Graphite bipolar plate's layout is cross-flow, with horizontal channels in both anode

and cathode.
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propose a new experimental technique to improve the per-
formance and stability of the DMFC system under air-blowing
conditions, and Kim et al. [28] show two types of Oxidant
subsystem (a gas recirculation subsystem with and without a
recycle blower). On the other hand, Hinaje et al. [29] evidence
the behaviour of a fuel cell system as a current source, in
which the current is directly controlled by the hydrogen flow
rate. Rodatz et al. [30] show an exhaustive evaluation among
the five most important types of the fuel subsystems. Going
deeper in this way, Chen et al. [31] summarise all these Fuel
subsystem configurations in two groups: Dead-End Anode
(DEA) and Flow-Through Anode (FTA) operation mode. In any
case, independently of the number of groups done all authors
agree with the idea that a DEA Fuel subsystem configuration
requires fewer auxiliary components compared to traditional
FTA, Fig. 3.

The FTA operation with hydrogen flow control depends on
a recirculation loop to maintain a high hydrogen utilization
and enhanced convective transport. So this configuration re-
quires additional equipment such as an ejector/blower, a
water separator/demister and an anode humidifier. These
components add weight, volume, and cost to the system.

Regarding DEA operation, it is possible to adjust the
hydrogen inlet stoichiometry to one by regulating the inlet
pressure (so it would not be needed the hydrogen recircula-
tion) and the anode channel pressure would remain constant.
That is, DEA operation depends on upstream pressure regu-
lation instead of the hydrogen mass flow control. Chen et al.

8
3
3

[31] try to control the hydrogen inlet pressure by scheduling
the purge interval. The final goal of that work was to improve
the output power at time that the hydrogen losses are
reduced. Simulation results shown the fuel cell efficiency
improvement.

Now, giving a further step we proposes six different con-
figurations for the Fuel subsystem in DEA operation. The basic
devices which take part in the hydrogen line are a mass flow
meter, a pressure sensor and a purge valve. Around these
devices, we will put a proportional control valve and experi-
mental results allow us to corroborate some proposals pre-
sented previously. Then, we see for example suggestions as
the hydrogen mass flow control is not suitable for the DEA
operation. Another key point is the way to regulate the
hydrogen inlet pressure (and consequently to adjust the
hydrogen inlet stoichiometry), which is usually carried out by
means the purge interval schedule. However there may be
other alternatives (especially when it comes a stack with low
inlet pressure). From these we can configure a half-dozen
proposals and we can draw some keys to select the most
suitable to optimize the AC-PEFC operation.

This paper is organized as follow. AC-PEFC characteriza-
tion is done in Section II, explaining its main features as well
as giving its experimental polarization and power curves.
Section III describes the different BoP configurations imple-
mented, showing each diagram and pointing out the partic-
ularities of each one. Next, experimental results obtained
from each configuration as well as some discussions about

E Ha Exhaust

Purge
Vave

a) DEA basic configuration

HyInlet ﬁ

Supply

g
&
Fuel cell st

Hz
E recirculated
Rurge
Vdve

Motorized
pump

b) FTA basic configuration

Fig. 3 — Scheme of DEA versus FTA Fuel subsystem configurations.
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them are summarised in Section IV and V respectively.

the experimental study.

System characterization

model from Ballard”. This stack is characterised by it is air- ~ Sensor (Ts) included in the own stack (see Fig. 4a and b).
cooled and it does not need external air humidification. The Following Fig. 4a, at the fuel input the Fuel subsystem is made
operation mode is dead-end using dry hydrogen without hu- up of the hydrogen storage bottle, and a manual pressure

midification. The inlet hydrogen pressure can vary from 1.16 ~ regulator to reduce the high pressure from the bottle to

to 1.56 bars. The stackis constituted by 80 cells and, according pressure range recommended by the stack manufacturer.
Additionally, a mass flow meter to measure the hydrogen

to manufacturer's data, it can reach up to 3.4 kW [32].

This stack has been used to build a AC-PEFC (Fig. 4) where
Finally, Section VI draws the main conclusions derived from the (BoP) has been developed according to [17]. The AC-PEFC
shown in Fig. 4 has been developed by authors and consti-
tutes an excellent test bench to carry out all kinds of tests ona
real system [17].
The configuration of our Oxidant/Cooling subsystem is
very simple and effective, consists of an adjustable flow fan

The fuel cell under study is based on the FCgen-1200ACS stack ~ (model EbmPapst™ DV6224TDA) and a stack temperature

MF >'< ﬁ
Supply B FUrge
lator | Mass Flow Valve R Valve
| Meter 3
| é
|
i @-
Ru/Sop |
E >A
I @_ @ —~ Ar
Contadtor | — 1
; — @
7. — &
attery @ :\ Relay Blooking Load

N

Electronic Load

b) AC-PEFC real implementation (stack + BoP).

AC-PE stack
SCADA
BoP

Fig. 4 — Diagram and real implementation of the AC-PEFC under study.
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consumption, a supply valve to control the hydrogen entry
and a hydrogen pressure sensor (Py,) to measure the inlet
anode pressure, complete the hydrogen input line. In the
hydrogen outlet, a purge valve evacuates inert gases.

Then, once the AC-PEFC (stack + BoP) has been introduced,
the first step is to characterize it. For this purpose the
FCTESTNET/FCTESQA PEFC power stack performance testing
procedure has been followed [33]. We can see (see Fig. 5) that
the maximum stack power achieves 3 kW when the load
current rises up to 75 A, while the stack voltage drops to 40 V
(0.5 V for every cell, total 80, the limit specified by the manu-
facturer's recommendations). Moreover, the hysteresis phe-
nomenon over the polarization curve (different upward and
downward paths) can be easily distinguished [34]. Regarding
hydrogen consumption, Fig. 6 compares the real hydrogen
flow consumed with the hydrogen flow required for a proper
operation according to manufacturer's data. It deserves to
point out that in basis on real measures taken with the mass
flow meter (see Fig. 4a), the real hydrogen flow rate follows a
polynomial curve depending on load current according to (1):

FloWpydrogen (slpm) = 0.645:1; — 0.00038- I, (1)

where I, is the stack current which coincides with the load
current.

BoP configurations study. Proposals for the fuel
subsystem

Now, after the AC-PEFC characterization different BoP con-
figurations will be studied and analysed in basis on the AC-
PEFC response. This study consists on acting over different
devices which integrate the hydrogen line (mass flow meter
and hydrogen pressure sensor in the fuelinlet line and purge
valve in the fuel outlet line). The way to have influence over
the AC-PEFC will be placing a proportional control valve
around the above-mentioned devices.

Then, the first two proposals for the BoP configuration are
based on locating the proportional control valve downstream
and upstream the mass flow meter (Fig. 7). This proportional
control valve will allow controlling the hydrogen flow taking
into account (1).

The first test will lie in adjusting the proportional control
valve accordingto (2) which itis an empirical equation slightly
below respect to real flow rate (1). The goalis to know if an AC-

&
= — .
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20 L L 1 1 1 L 1 J
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Stack Curent () 4)
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o
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% — Theorical

1 L n 3
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Stack Current (A)

S
A\
Xl

Hydrogen Flow (slpm)

o

Fig. 6 — Hydrogen flow consumption: measured value
versus value provided by manufacturer.

PEFC stack with DEA operation can work when the hydrogen
flow input is limited, even if the flow restriction is very small
compared to real flow.

Valve:aolbelow(Slpm) = 0.63-I; — 0.00033- I, 2

In the same way, the second test consists in adjusting the
proportional control valve according to (3), a new empirical
equation slightly above respect to real flow rate (1). In this
case, we could compare the system performance when there
is no restriction in the hydrogen flow input.

Valvecanolabove (Slpm) = 0.65-I; — 0.00038-I,> (3)

In the next two configurations, the proportional control
valve is located downstream and upstream the hydrogen
pressure sensor (Py,) in the fuel inlet line (Fig. 8). In this case,
the aim will not be to control the hydrogen flow but the
hydrogen pressure. Then, we could draw some conclusions
comparing the effects over the AC-PEFC performance when
the hydrogen flow is controlled respect to the performance
obtained when the control is applied over the hydrogen input.

Finally, the last two configurations consider the propor-
tional control valve located downstream and upstream the
hydrogen pressure sensor (Py,), but in this case in the fuel
outlet line (Fig. 9).

Then, with the proposed six configurations for the Fuel
subsystem in an AC-PEFC, we could know what configuration
favours abetter system performance and how the control over
some variables like hydrogen flow, inlet hydrogen pressure or

4
=3
=)
5 =
@ — downmard
0 L L 1 1 1 | T J

0 0 N » N N & N8
Stack Curtent (4) 1 )

Fig. 5 — Polarization and power curves. A: stack voltage (V) vs stack current (A). B: stack power (kW) vs stack current (A).
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Fig. 8 — Configurations 3 and 4: Proportional control valve downstream and upstream the hydrogen pressure sensor over

the fuel inlet line.

outlet hydrogen pressure can affect this performance when it
comes to DEA operation.

Experimental results

Once the different configurations have been presented, they
have been implemented on the test bench shown in Fig. 4.
Next, experimental results obtained from each configuration
will be revealed.

Configurations 1 and 2: Proportional control valve
downstream and upstream the mass flow meter

In this case, the role of the proportional control valve is to
establish the hydrogen input flow rate. As it has been previ-
ously commented, firstly the control valve will be placed
downstream the mas flow and adjusted in the way that the
hydrogen flow rate is slightly below (2) the real hydrogen flow
rate (1). In this case, experimental results (Fig. 10) show that

the restriction in the hydrogen input flow provokes the stack
cannot provide the demanded power dropping it to zero.
Notice that this restriction causes hydrogen starvation
generating continuous airbags inside the fuel line and
consequently leaks of hydrogen pressure. Regarding the cell
structure shown in Fig. 1, in both sides of the MEA (anode and
cathode), the air acts as reducing and oxidant agent, so no
reaction takes place in the cell.

By against, keeping the proportional control valve down-
stream the mass flow meter but adjusted to allow passing
more hydrogen than the real flow rate (3), experimental re-
sults (Fig. 11) show that proportional control valve is invisible
in this configuration. That is, the hydrogen flow rate follows
the load profile; the hydrogen pressure is keeping next to
established value. Peaks on hydrogen pressure and flow
coincide with hydrogen purges and air is supplied gradually
more and more at time that the load current rises. Remember
that the air must oxygenates and cools the stack when this is
warming due to current increase. Then, we can conclude that
in this configuration, proportional control valve can be
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removed from de BoP design because does not have any in-
fluence respect to system performance obtained from the

original configuration shown in Fig. 4a.

Next, the proportional control valve is placed upstream the
mass flow meter, and again adjusted slightly below (Fig. 12)

and above (Fig. 13) the real hydrogen flow rate. When the
proportional control valve is adjusted to control the input

hydrogen flow slightly below, again the system stops working

because of the hydrogen lack in the inlet line (Fig. 12), the
hydrogen flow drops to zero and consequently the hydrogen
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pressure, stack current and power as well. If the control valve
is adjusted according to (3), experimental results are similar to
that obtained in Fig. 11, when the valve was placed down-
stream the mass flow meter.

Configurations 3 and 4: Proportional control valve
downstream and upstream the pressure sensor in the fuel
inlet line

Putting the proportional control valve around the pressure
sensor in the fuel inlet line, the goal is to control the hydrogen
input pressure. When the control valveis located downstream
the pressure sensor, the scheme (Fig. 8-Configuration 3) looks
like the feed-forward structure. Then, the control valve tries to
anticipate to perturbations in the measure. This is what pre-
cisely happens during the first load steps (Fig. 14); along the
way up of the load current, as consequence of the first load
step, the hydrogen flow must increase. The stack consumes
more hydrogen so the hydrogen pressure falls lightly (at
t = 50s), and the control valve tends to be completely closed to
soften the pressure drop. Then, during the followingload step,
as current rises again the control valve continues closed in
order to accumulate hydrogen in the fuel inlet line and ach-
ieve the established pressure value. This situation is respon-
sible for the AC-PEFC shutdown; control valve closed,
hydrogen doesn't enter in the anode and no reaction happens
in the fuel cell.

In the second case, experimental results show effectively
the pressure average value is fixed along the length of the test

(Fig. 15). But it can be observed hydrogen pressure path is far
to be stable, it presents continuous peaks even more frequent
and deeper than in previous configurations. This is due to
inter-relation between the hydrogen purge, pressure sensor
and control valve. Hydrogen purge rate is fixed at 2300 A s
(manufacturer's recommendation), and during the purge the
hydrogen escapes freely; so the pressure drops with the purge.
Then, the pressure sensor located just above (but in the inlet
line) detects the pressure drop and consequently the control
valve must act to correct the deviation. The control valve ac-
tion affects over the hydrogen pressure which responds with
an overshoot, and just next, another purge causing another
hydrogen drop. These continuous undershoots and over-
shoots can be observed in Fig. 15B. What is common in those
suitable configurations shown up tonow (Figs. 11, 13 and 15) is
the hydrogen pressure peaks are more frequent in the middle
of the test (around t = 2000 s). Obviously, according to purge
rate, higher current values means purges more frequent.

Configurations 5 and 6: Proportional control valve
downstream and upstream the pressure sensor in the fuel
outlet line

Putting the proportional control valve around the pressure
sensor in the fuel outlet line, the goal is to control the
hydrogen pressure along the whole anode (from the input to
the output). The first of these configurations locates the pro-
portional control valve downstream the hydrogen pressure
sensor in the fuel outlet line. This configuration shows that
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Fig. 14 — AC-PEFC system performance when the proportional control valve is placed downstream the pressure sensor in
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the PEFC system performance (Fig. 16) is similar to that ob-
tained from Configuration 3 (Fig. 12). Again, the control valve
tries to anticipate perturbations in the measure. As conse-
quence of the increase in the load demand, the hydrogen flow
must increase. The stack consumes more hydrogen, the
hydrogen pressure falls and the control valve tends to be
completely closed to soften the pressure drop.

However, when the proportional control valve is placed
upstream the hydrogen pressure sensor in the fuel outlet line,
experimental studies (Fig. 17) show that the goal is achieved:
to maintain the hydrogen pressure along the whole fuel line
fixed at the established value. Even more, in this case stack
doesn't suffer continuous hydrogen pressure undershoots and
overshoots as it happened in previous configurations. This is
because now control valve acts like purge valve, but it purges
hydrogen only when the hydrogen pressure begins to be
deviated from the fixed value. That is hydrogen purge rate
does not follow manufacturer's recommendations (2300 A s),
but it depends on pressure variations. The risk of this
apparent “good” configuration is that the purge rate is inde-
pendent of the relation current—time. This implies inert gases
are not removed properly from the anode side, leading in the
long term to damage the membrane of the cells which inte-
grate the PE stack.

Another issue which also requires attention is the
hydrogen flow. As it can be observed in Fig. 17, in this case,
hydrogen flow does not follow the load profile but it directly
rises up to almost the maximum flow (40 slpm, see Fig. 6). Asit
can be observed in Fig. 17, initial pressure value is above the

reference (1.48bar vs 1.36 bar), so the control valve opens up to
reduce the real value. This means to waste hydrogen,
increasingthe inlet flow. After that, hydrogen flow increases a
little up to the highest value to allow the stack to supply the
nominal power.

Finally, before moving onto the next section we would like
to comment some aspects about the Oxidant/Cooling sub-
system performance. As it has been commented in Section II,
the main device of this subsystem is a speed adjustable fan
which is responsible for providing enough air to oxygenate
and cool the stack. From experimental results (Figs. 11, 13, 15
and 17), we can observe that in those viable configurations
(Configuration 1, 2, 4 and 6) fan performance (speed percent-
age) raises at time that load current is going up to, in order to
provide the air required for the stack reaction and to maintain
the increasing stack temperature inside the range recom-
mended by the manufacturer. When the fan performance is
close to the maximum and the load current continues raising,
the air stoichiometric rate (required air flow/total air flow)
remains above the minimum recommended (x > 20). Due to
high stack temperature achieved at highest current values,
the fan performance is kept at maximum even when the load
current starts to drop; quick cooling process to maintain the
stack temperature inside the recommended range at time that
current falls.

When the stack temperature descends enough, it is not
necessary to let the fan working at maximum so the fan speed
is going to be reduced gradually. In the last configuration
(Fig. 17), fan performance shape is slightly different to therest;
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it does not follow the load profile. This is due precisely to load
profile; in this last case maximum current value is achieved
after t = 200 s, later than in previous tests. Then, before
t =200 s if load current is not too high and stack temperature
is inside the range, fan does not need to be accelerate to avoid
cells flooding.

Discussion

In this paper, a half-dozen of possible configurations are
proposed for the Fuel subsystem in an AC-PEFC. The diagram
of the Fuel subsystem includes three basic devices: a mass
flow meter, a pressure sensor and a purge valve. The different
configurations are obtained adding a proportional control
valve locating it downstream and upstream these basic de-
vices. All the possible configurations have been implemented
over the test bench shown in Fig. 4. Experimental results show
that not all configurations are suitable and not all suitable
configurations show identical AC-PEFC performance.

Among configurations no suitable, we can include those
where the control valve is located around the mass flow meter
and itis adjusted with a mass flow equation slightly below the
measured real value, both downstream and upstream (Figs. 10
and 12). This conclusion corroborates one of the hypothesis
suggested at the beginning of the paper, in Section I: the
hydrogen mass flow control is not suitable for the DEA
operation.

Moreover, configurations no suitable are also these where
the control valve is placed downstream the hydrogen sensor
both in the inlet and outlet fuel line (Configurations 3 and 5).
This allow us to elucidate that configurations where the set
sensor + actuator keeps the feed-forward structure do not
guarantee neither pressure control nor proper stack
performance.

By contrast, within the group of suitable configurations we
can include all those which do not imply restrictions in the
hydrogen mass flow, and all these where the hydrogen pres-
sure is controlled with the set actuator + sensor (similar to a
feed-back structure), configurations 1, 2, 4 and 6. Among these
last configurations, hydrogen flow differs from one to another.
This depends on the way to realise the pressure control and
hydrogen purge. When the hydrogen pressure is controlled in
the fuel inlet line and the purge rate is adjusted following the
manufacturer's recommendations, the hydrogen consump-
tion is optimised and we can observe how the hydrogen flow
profile seems the load current profile (Figs. 11, 13 and 15). By
contrast, when the hydrogen pressure is controlled in the fuel
outlet line and the hydrogen purge depends on the pressure
deviations, the hydrogen flow rises (Fig. 17), reducing the AC-
PEFC efficiency (considering efficiency as the ratio between
the electrical energy provided by the stack and the hydrogen
supplied to stack).

Finally, these last configurations also differs in the way the
hydrogen pressure responds along the time. In case the
hydrogen pressure is controlled in the fuel inlet line, the

281



282

Chapter 6. Other scientific contributions

12852

INTER? 1 LJO L OF HYDROGEN ENERGY 42 2841— e
1 15— — 5
=08 8 g4
= e 2
06 = =3
= o 2
204 = 2
a v - @
g 2o g
® 0.2 S s
=4
0 T E 0
0 100 200 300 400 500 600 0 50 100 15 200 250 0 50 100 15 200 250
Tme (s)// (&) Time (s) // (8) Tme (s) / (C)
> 1500 4
e = z
P @ b
2 = 1000 3
s 34 o ®
2 = EN
EBS5 £ 2
= S 50 5
% 3 £ a 10
= s s
@ o« kS
25 0 0
0 50 100 15 20 250 0 50 100 15 200 250 0 50 100 15 200 250
Time {s)// (D) Tme (s) !/ E) Tme (s) !/ (F)
8 8 05
=6 =75 S04
s Y =
e s 503
2y S0 3
ot = -
5 s S
272 2% ot
0 Py 0
0 50 100 15 20 250 0 5 100 15 200 250 0 50 100 15 200 2%
Time {s)/ (G) Time (s) !/ (H) Time (s) / (1)

Fig. 16 — AC-PEFC system performance when the proportional control valve is placed downstream the pressure sensor in
the fuel outlet line. From left to right and from top to bottom: (A)-Sample Time (s), (B)-Hydrogen Pressure (bar), (C)-Hydrogen
Flow (slpm), (D)-Stack Temperature (°C), (E)-Air Stoichiometric Rate (A), (F)-Fan Performance (%), (G)-Stack Current (A), (H)-

Stack Voltage (V) and (I)-Stack Power (kW).

o
=)

= 0.8 40
s e g
¢ os % Z 30
E s [
-§ 04 & 20
& 02 § 12 10
? £
0 11 0
) 200 300 %00 0 100 200 20 0 ) 100 200 300 %0
Time (s) (A) Time (s) (B) Time () (C)
_ 85 2000 100,
) 2 g
g 60| g 1500 ~§ 80
55 60|
é £ 10
5% H § o
g R € 20
] a L
] 100 200 300 30 ‘o 100 200 30 w00 ] 100 200 300 30
Time (s) (O) Time (5) (E) Time (s) (F)
80 8 3
< 60 2] g
2 em ,
| 5 ;
S > 5 ¢ .
20
3 g “ §
o 100 200 300 300 (] 100 200 30 w0 ] 100 200 300 30
Time (s) (G) Time (s) (H) Time (s) (1)
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hydrogen purge follows the established rate; the pressure
suffers continuous peaks derived from the purge rate and the
action of the control valve. But in case the hydrogen pressure
is controlled in the fuel outlet line, the hydrogen pressure

evolution is a flat line, excepting some peaks derived from the
pressure drops due to high power demand.

Table 1 summarises the main characteristics of the con-
figurations analysed in this paper regarding aspects like
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Table 1 — Summary of analysed configurations.

#
Configuration

Structure

Variable
to
control

Suitable

Stable
Hydrogen
pressure

Reduced
Hydrogen
consumption

Inert
Gases
Removed

Efficiency

Control valve downstream
the mass flow

-

Proportional

i
Mass R Control Valve

Meter

MHZ

Control valve downstream
the mass flow meter,
adjusted slightly above

Proportional

Mass How Control Valve
Meter

2a

Control valve upstream the
mass flow meter, adjusted
slightly below

H

Proportional

Control Valve Mass How

Meter

2b

Control valve upstream the
mass flow meter, adjusted
slightly above

E

Proportional

Control Valve Mass flow

Meter

My

Control valve downstream
the pressure sensor in the
fuel inlet line

o

Proportional
Control Valve

Control valve upstream the
pressure sensor in the fuel
inlet line

— e

Proportional
Control Valve

Py,

Control valve downstream
the pressure sensor in the
fuel outlet line

e

Proportional
Control Valve

Py

Control valve upstream the
pressure sensor in the fuel
outlet line

—&—>

Proportional
Control Valve

Py
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ability to maintain stable the hydrogen pressure, hydrogen
consumption, possibility to remove inert gases as frequent
as manufacturer recommends, AC-PEFC efficiency (refer-
eeing provided electrical power respect to hydrogen con-
sumption) and definitely the suitability of the proposed
configurations.

Conclusions

This paper presents a comprehensive experimental analysis
of six possible configurations of the Fuel subsystem in an
AC-PEFC. It has been justified that studies in which the Fuel
subsystem is investigated are hard to find on the scientific
literature. It seems like the Fuel subsystem configuration
would not have influence over the whole system perfor-
mance. Contrary to what one might think, and in basis on
experimental results, this paper has shown how the AC-
PEFC performance is conditioned by the Fuel subsystem
configuration.

To carry out the study, the AC-PEFC has been previously
characterised in a test bench developed by authors.

After that, different Fuel subsystem configurations have
been analysed in basis on the AC-PEFC response.

Regarding experimental results, we can assert that Fuel
subsystem configurations where the hydrogen mass flow is
restricted, even if the mass flow rate is slightly below the real
mass flow, are not suitable.

Within the group of suitable configurations are those that
do not involve restrictions in the hydrogen mass flow, and all
these where the hydrogen pressure is controlled with the set
actuator + sensor (feed-back structure).

Moreover, within these last configurations, hydrogen flow
response depends on the way to realise the pressure control
and hydrogen purge. When the hydrogen pressure is
controlled in the fuel inlet line, the purge rate can follows the
manufacturer's recommendations and the hydrogen con-
sumption is optimised seeming the load current profile. In
case the hydrogen pressureis controlled in the fuel outlet line,
the hydrogen purge only happens when there are deviations
in the pressure measure. And this causes the hydrogen flow
rises.

As conclusion we can say that in an AC-PEFC with DEA
operation mode there is not a specific configuration of the Fuel
subsystem which could be called the “best configuration™. As
it has been demonstrated, each configuration has its own
advantages. Then for example, if we expect to have a precise
control of the pressure in the hydrogen line, the best option is
to control the hydrogen pressure in the outlet line and
hydrogen will be only purged when pressure measure varies
from the reference value. However, if we want to obey man-
ufacturer's recommendations in relation to purge rate (guar-
anteeing the inert gases removing), and optimise the
hydrogen flow consumption, hydrogen pressure will suffer
continues peaks derived from the periodic purges.

Finally, main characteristics of analysed configurations
have been summarised in Table 1, making easier to compare
them for an overview before to implement the BoP of an AC-
PEFC.
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In the field of energy, hydrogen as an energetic vector is becoming increasingly important. Specifically,
fuel cells powered by hydrogen are becoming an alternative in automotive and other fields because of
their ability to produce electricity without any pollution. Therefore, at this time there is a very active
research field. A fuel cell can be described as a scale down industrial plant that consists of different
subsystems whose purpose is to make the stack works properly. Air Cooled Polymer Electrolyte Fuel Cells
(AC-PEFC) are receiving special attention due to their potential to integrate the oxidant and cooling
subsystems into one, which in term gives the fuel cells their capability to reduce its weight, volume, cost
and control complexity. In these fuel cells, the Oxidant/Cooling subsystem is of crucial importance and
along with three others (Fuel, Electrical and Control subsystems) make up the Balance of Plant (BoP),
which together with the stack comprise the full fuel cell system. The aim of this paper is to present a
comprehensive experimental study of an AC-PEFC paying particular attention to the Oxidant/Cooling
subsystem configuration. According to the scientific literature, this subsystem has not received the same
attention as other subsystems like the Fuel and Control subsystems. However, a suitable design and size is
critical for the proper functioning of the stack. The analysis carried out in this paper tries to solve some
problems that can appear if the design of the Oxidant/Cooling subsystem has not been optimized. These
problems are related to important aspects such as the performance and the efficiency of the whole
system and temperature distribution over the stack.

Keywords:

Air cooled polymer electrolyte fuel cell
BoP configurations

Oxidant/cooling subsystem design
Experimental study

Performance improvement

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction Configuration or hybridization of generation systems around the

PEFC can be miscellaneous [6] [7,9], as well as its control modes

Polymer Electrolyte Fuel Cells (PEFCs) are a promising technol-
ogy to produce electricity from hydrogen for stationary power
generation due to its operational strength such as high power
density, low operating temperature, low corrosion, quiet operation,
stack design simplification, relatively quick start up and shut down
and especially by its zero emission capability [1-4]. In the past
decades, there has been a huge progress in the PEFC field but re-
searchers are still focused on new cell designs, cost reduction and
performance improvement. PEFC technology is having more and
more importance because it is suitable for a wide range of appli-
cations, including portable, stationary and automotive power de-
livery [5-8] and lately it is being more used in backup systems for
emergency situations (e.g. earthquakes, terrorist attacks).

* Corresponding author.
E-mail address: ainhoa.delasherasjimenez@gmail.com (A. De las Heras).

https://doi.org/10.1016/j.renene.2018.02.077
0960-1481/© 2018 Elsevier Ltd. All rights reserved.

[10].

For the configuration of a PEFC system, apart from the stack it is
necessary to include additional subsystems for the proper system
operation. Generally these systems can be divided into five main
groups which form the Balance of Plant (BoP): 1- Oxidant subsys-
tem: it supplies air/oxygen at the appropriate conditions for the
oxidant reaction, 2-Fuel subsystem: it supplies hydrogen at the
appropriate conditions for the reduction reaction, 3-Cooling sub-
system: it removes the heat produced in the stack and keeps it at
the temperature recommended by the manufacturer and removes
the water produced, 4-Electrical subsystem: it connects the stack to
electric load, and 5-Control subsystem: it processes information
from sensors so as to control the actuators, Fig. 1 [11-13].

When it comes to develop a PEFC system, researchers conclude
that an appropriate design of the BoP is essential to the proper PEFC
stack operation and influences on the performance of the whole
system. Therefore, according to the BoP design, it is important to
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Fig. 1. Conceptual scheme of an AC-PEFC system and challenges in the design and manufacture of the oxidant/cooling subsystem.

optimize the main subsystems avoiding an oversized BoP config-
uration which usually results in an increase of parasitic losses,
system volume, weight and noise level [14].

While the PEFC is operating, the stack temperature changes
along the time and with the load demand. The temperature has
influence on electrochemical reaction rate and water and reactant
transport. Low temperatures might produce membrane flooding
and because of that, it might appear operating problems due to
membrane resistivity variation. Otherwise, high temperatures
might produce membrane thermal stress and cathode catalyst
inactivity, resulting in membrane degradation. In basis on this, we
can deduce that the Cooling subsystem plays an important role for
reliable and efficient stack operation, besides the few papers found
in the scientific literature focused in this question [13].

In this work, authors we develop the experimental study using
an Air Cooled Polymer Electrolyte (AC-PE) stack. This kind of stacks
integrates Oxidant and Cooling subsystems into one single avoiding
the liquid parts in the Cooling subsystem. This results in facilitating
and simplifying the BoP integration because they do not need pipes,
valves, pumps and heat exchangers, contributing to reduce weight,
volume and cost. Apart from this, the stack used in this work does
not require high inlet hydrogen pressure (it can operate near
ambient pressure) and this provides security because it is not
necessary to operate with high hydrogen supply pressures and less
stringent requirements in the hydrogen transfer circuit (connec-
tions, pipelines, etc.).

The implementation of the Oxidant/Cooling subsystem is
commonly based on a forced-air convection design with one or
several fans. This design requires especial consideration of the stack
characteristic curves and the fan/s. Ideally, the operating point
intersection between the stack and the fan characteristic curves

should be located in the optimal operating region of the fan; and be
sufficiently far away from any unstable region [15].

Different BoP configurations have been developed in several
works [13,16-25], and the chosen configuration is justified in basis
on the required particular conditions by the authors. However,
there are not too many works in which different configurations are
analysed, discussing their advantages and disadvantages. Thus, Kim
et al. [26] show two types of Oxidant/Cooling subsystems (a gas
recirculation subsystem with and without a recycle blower). Sas-
mito et al. [15] present a model in which the results indicate that
some factors such as fan power and type, single fan or fans in series,
stack length, and separate air-coolant channels have a significant
impact on the operating point and the stack performance. Meyer
et al. [27] point out that in an cathode AC-PEFC, the air blowers
present the largest parasitic load having a direct influence on the
stack performance and its temperature.

Based on the bibliography consulted to establish the state of the
art of this paper and in our own experience of more than 10 years
dealing with PEFCs, we can set six challenges in the design and
manufacture of the oxidant/cooling subsystem (Fig.1): 1) To be able
to cool the stack homogeneously, 2) To provide sufficient airflow
range to control the PEFC temperature, under a range of power and
room/coolant air temperature, 3) To place the stack at optimum
temperature, 4) To reduce the auxiliary power consumption, 5) To
do all this within a certain sized box, and finally but not least
important 6) To do it cost effectively.

In this paper, authors try to expand the current experimental
studies published in the scientific literature, and they present a
detailed experimental analysis of three different configurations for
the Oxidant/Cooling subsystem in an AC-PEFC.

Our study departs from one configuration based on the own



Chapter 6. Other scientific contributions

A. De las Heras et al. / Renewable Energy 125 (2018) 1-20 3

stack’s manufacturer proposal. From here, we raise two new con-
figurations to enhance the initial, including different ways of con-
trolling the fan/s contained within the configurations. As it has
been reported in previous works [27], the operating performance of
this class of PEFCs is conditioned by the coolant air-flow rate,
because both the air flow and the room air temperature determine
the operating temperature of a given air-cooled fuel cell, at a certain
power output. Then the study developed in this paper allow us to
analysis what configuration guarantees a better system perfor-
mance, attending to those six challenges presented in Fig. 1, at time
that the stack achieves the highest power working inside its
operating temperature range and air stoichiometric rate. Moreover,
this experimental study will show us what configuration requires a
lowest number of devices or the most complex control system.
Additionally, once the best configuration has been identified, it has
been checked at different room temperatures to prove it guarantees
the oxidant/cooling requirements by the stack.

The structure of the paper is as follow: Section 2 exposes the
main features of the test bench developed by authors and used
during all the experimental tests. Section 3 presents the proposed
Oxidant/Cooling subsystem designs, pointing out the particularities
of each one. Next, experimental results obtained from each
configuration as well as some discussions about them are sum-
marised in Section IV and V respectively. Finally, Section 6 draws
the main conclusions derived from the experimental study.

2. Materials and methods

The test bench for this study (an AC-PEFC system) has been

design and built around an air-cooled FCgen-1200ACS stack model
from Ballard®, Fig. 2. Additionally, Table 1 summarizes the stack
experimental parameters.

The used stack does not need external air humidification and it
has a dead-end operation mode; it is used with dry hydrogen
without humidification as well. The inlet hydrogen pressure can be
varied from 1.16 to 1.56 bars. The stack is made up by 80 cells and it
can reach up to 3.4kW, according to manufacturer’s data [28,29].
This stack has been integrated with a BoP configuration developed
by authors according to [16]; the instrumentation specifications
can be accessed in Table 2. The system shown in Fig. 2 presents a
handy test bench to carry out all kinds of tests on a medium power

Table 1
Stack experimental parameters.
Variable Definition Range
Veer (V) Cell Voltage 0.647—1.005
Is (A) Stack Current 0-75
Topr (°C) Optimal Operating Temperature 26.01-65.76
Ts (°C) Stack Temperature 6-75
Tin (°C) Inlet Air Temperature 10-40
Qstack (slpm) Stack Required Air flow 0-18656.63
Qcerr (slpm) Cell Required Air Flow 0-237.20
Qeen (W) Heat Produced by Cell 0-45.56
E (V) Max. Cell Voltage product water vapor  1.2545
A Inlet Air Flow/Consumed Air Flow 20-200
C (slpm) slpm/A*cell  Air Cell Consumption 0.0167
Neell Number of cells 80
RH/[% Relative Humidity 5-100
Py (kPa) Inlet Hydrogen Pressure 116-156

Polycarbonate
Enclosure

INTERNET :
—&—— :
MF |
Pressure Supply Purge ¢
Regulator Mass Valve g Valve :
Flow @ |
|
|
T ;
@_ @ — Air | |
|
"1 Contactor > H, | | Cone-shaped
hopper
e |1
Battery AW\ | _
g gt ‘

diode

a) Test bench diagram.

Electronic Load

b) Up and ¢) Down. Oxidant/Cooling subsystem configurations.

Fig. 2. Diagram and real implementation of the test bench for AC-PEFCs.
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Table 2 On the other hand, it is necessary to note that the system does
Instrumentation specifications. not produce electricity instantaneously, even more during the
Component Manufacturer-Model Quantity start-up the stack can’t provide electrical power but the BoP needs
Fuel cell stack Ballard-FCS 1020ACS 1 to be gupply. Therefore, an agxn!lary source needed to guarantee t}}e
Oxidant/Cooling electrical supply to BoP. This is the role of the battery shown in
Subsystem Fig. 2a, where the battery voltage sensor Vi warns of its state.
Fan E'“:P"St'ggggg Acg“ﬁg“fa"?“ 1 ;“d 2) 4 At this point, it is very important to mention that the manage-
2 mpopast. (Configuration 3) 1 ment of the test bench requires a complex control system. To this
Inlet air temperature  Burkert-8400 Accuracy + 1.5% 1 = et
sensor end, a supervisory control and data acquisition (SCADA) has been
Fuel cell temperature  Maruta P/N NCP15WF104F03RC Included developed. Its function is to carry out the high-level supervisory
sensor Accuracy + 1% in stack management of the test bench. It is hosted in a PC and it is provided
Oxigen sensor Figaro-KES0, Accuracy £1% 1 with a data network connection for remote management, as well as
Fuel Subsystem hical interf: It 1 th inheral'd
Valve supply Burkert-6013 1 graphical user interfaces. It can also manage others peripheral de-
Purge valve Burkert-6606 1 vices (PIDs, sensors, actuators and so on) by the control unit (see
Pressure sensor Burkert-8314, Accuracy + 0.3% 1 Fig. 2a). This means that, by the SCADA, we can have absolute
slydrqgerssegsor Figaro-FCM6812, Accuracy +0.2% 1 control of the test bench as well as process all its information.
ectrical Subsystem . .
Ciiitast sonéon LEM LA 55-P, Accuracy + 0.9% i Fig. Zb. and ¢ r.epresent the rea! conﬁgur.?tlons of the test bench
Stack voltage sensor ~ LEM-LV 25-P, Accuracy + 0.8% whgre this experimental study will be c_arneq out. .These Fonﬁgu—
Bloking diode Vishay-T85HFL 1 rations are the result of a design analysis which will be discussed
Relay Panasonic-AEV18012 1 below.
‘I\:A"_"""l system ki R 4 Finally, to conclude this section, we must mention that the
1croprocessor uimno ega. . . . . 0
Battery Exide-GF 12 094 Y 1 thermographies shown in this paper has been made with a TESTO

real AC-PEFCs [ 16].

Paying special attention to the Oxidant/Cooling subsystem (blue
line in Fig. 2a), it includes an adjustable flow fan, an inlet air tem-
perature sensor (Tin), and a stack temperature sensor (Ts) built-in
the own stack. The manufacturer only includes a stack tempera-
ture sensor in the own stack and thermographies of the stack are
not facilitated in the manuals. The air stoichiometric coefficient (%)
must be adjusted by the control unit to optimize the system per-
formance. Additionally, a concentration oxygen sensor (Cp) is
included to prevent low concentrations of oxygen in the sur-
rounding atmosphere, and a relative humidity sensor (RH) to avoid
operating under overly dry room conditions.

Following Fig. 2a, at the fuel input, the Fuel subsystem (red line)
is composed by the hydrogen storage bottle, and a manual pressure
regulator to reduce the high pressure from the bottle up to the
pressure range recommended by the manufacturer's data. In
addition it is available a mass flow meter to measure the hydrogen
consumption, a supply valve to control the hydrogen entry and a
hydrogen pressure sensor (Py2) to measure the inlet anode pressure
forming the hydrogen input line. In the hydrogen outlet, although
the used stack for tests is designed for dead-ended operation, that
is all the fuel enters the anode is used up (fuel stoichiometry: 1), in
practice water vapor, nitrogen and other inert gases can be
collected in the anode, so this side must be purged periodically. For
this reason, a purge valve avoids the accumulation of inert gases for
a proper operation of the system and to prevent unsafe room
conditions. Finally, a concentration hydrogen sensor (Cy>) has been
included.

The Electrical subsystem (black line in Fig. 2a) comprises a stack
current sensor (Is), stack voltage sensor (Vs) and a cells voltage
measurement system (Vc). Additionally, a relay is added to isolate
the fuel cell system from the electronic load and a blocking diode to
avoid reversal currents.

In addition to the above elements and in order to make all test
bench subsystems works properly, with the aim to get the best
performance of the stack, a control unit has been developed. It
takes care of receiving all the information from sensors and decides
what to do every moment: to open the supply valve, to open the
purge valve, to run the fan, to connect or disconnect the electrical
load, and so on.

875-1i camera, with a matrix of 120 x 160 sensors and a thermal
resolution (NETD) < 50 mK. Temperature range: —30 °C to +100 °C.

3. Oxidant/cooling subsystem designs

Now, after the explanation in the previous section of the fea-
tures of the test bench (AC-PEFC system), different Oxidant/Cooling
subsystem architectures will be designed and built. Taking into
account the manufacturer’s recommendation, uniform flow rate is
achieved by using fans to pull air through the stack instead of
mounting fans at the air inlet and blowing air through the stack.
This allows the negative pressure zone created at the air outlet will
act to distribute airflow evenly through the stack, eluding the
flooding phenomena [29]. With this way of working of the fans, it is
assumed that the phenomenon of flooding will not appear, because
the supplied air is sufficient to avoid it. The configuration of each
one are the following:

- Configuration 1: Four fans covering the cathode area of the stack
working two by two without flow control.

- Configuration 2: Four fans covering the cathode area of the stack
working two by two with flow control.

- Configuration 3: One single speed controlled fan.

For configurations 1 and 2, with 4 fans (Fig. 2b), authors have
proposed their designs in basis on stack’s manufacturer recom-
mendations [28,29]. Manufacturer advices to use one single fan for
stack sizes of 45 cells or less (Fig. 3a), and two fans in other case
(remember that the stack under study has 80 cells). For stack sizes
higher than 45 cells the diagram for the fans stand proposed by
manufacturer is shown in Fig. 3b, standard configuration, [29].
Then according to these recommended designs, authors have
minimally changed it with the aim to improve the Oxidant/Cooling
subsystem that is the stack air-breathing system. Putting four fans
instead of two, a higher coverage of the stack cathode is guaranteed
so the air can arrive at the cells located both at the top and bottom,
and at the ends rightmost and leftmost of each cell. This can be seen
in Fig. 2b and it has been built over a polycarbonate rectangular-
shaped enclosure. The fans selection has been done in basis on
the air stoichiometric requirements of the stack [15,16] and they
correspond to fan model EbmPapst™ DV6224TD. This enclosure has
been used to stand the four fans that integrate the Oxidant/Cooling
subsystem.
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Regarding configuration 3 with only a fan, the aim of the authors
has been to improve the air breathing of the stack and its tem-
perature distribution over the cathode. This third configuration
tries to sort out the problem observed in configurations 1 and 2: the
air follow preferential paths surrounding the stack instead of
crossing it for its cooling.

To carry out the configuration 3, a cone-shaped hopper has been
designed and built. This additional tool allows to canalise the air
flow in the best homogeneous way as possible (Fig. 2c), forcing the
air to blow through the stack instead of surrounding it. Addition-
ally, it has been put properly around the stack without leaving any
space between the stack and the hopper avoiding preferential paths
of the air flow.

The homogeneous flow is got minimizing the turbulence which
will occur in the exit of the flow adapter. To select the high of the
hopper (distance between the stack and the fan), authors have
compared three possible distances: 20 cm, 25cm and 30cm.
Experimental results obtained from the three cases are practically
the same.

The fan selection has been done in basis on the air stoichio-
metric requirements of the stack [15,16], and it consists on the
adjustable flow fan model EbmPapst™ DV6224TDA. The chosen fan
is capable of withstanding the maximum pressure drop and sup-
plying the maximum air flow required by system [30].

In summary, regarding to the first two configurations, the third
presents two changes to try to enhance the Oxidant/Cooling sub-
system. The first change is it uses one single fan instead of four,
simplifying the design, minimizing the BoP cost and weight and
reducing the auxiliary power consumption and the control
complexity. The second change is to use a flow adapter (cone-
shaped hopper) instead of a rectangular-shaped enclosure avoiding
preferential paths.

Figs. 46 represent in schematic form the mode of operation for
each of the configurations. In Fig. 4 (configuration 1) the four fans
are divided into two groups (GROUP 1-fans in blue line and GROUP
2-fans in orange line). The first group of fans is always working
when the fuel cell system is operating and the second group of fans
starts to work in case of the stack temperature is higher than the
optimal temperature value. The optimal temperature value de-
pends on the operating point in which the stack is operating and
according to manufacturer data [28,29].

Stack
temperature
sensor

Fig. 5 represents the second configuration, which is similar to
the first one (the actual assembly is again Fig. 2b) but in this case,
both groups of fans will be controlled in basis on the difference
between the real stack temperature value and the optimal stack
temperature value recommended by the manufacturer.

Finally, Fig. 6 represents the last configuration with a flow
adapter (cone-shaped hopper) and a speed adjustable fan.

4. Experimental results

The different configurations designed have been implemented
on the test bench, as shown in Fig. 2. Once the test bench is set up
for each configuration, its SCADA governs, by the control unit, all
the Oxidant/Cooling subsystem operation (and in general all the
fuel cell subsystems and their operations) in each configuration.
From it, you can set setpoints; capture, process and show all data, in
different ways and in different formats. In the following, we will
discuss the results obtained for each Oxidant/Cooling subsystem
configuration.

Fuel cell stack

\ Fans without
\ flow oontry

Fig. 3. a. Fan enclosure proposed by manufacturer for stack sizes equal or lower than 45 cells (standard configuration) Fig. 3b. Fan stand design proposed by manufacturer for stack

sizes higher than 45 cells (standard configuration).
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Fans with
flow control

>’

Speed
controlled
Fan

ﬁ|

Fig. 6. Configuration 3: One single speed controlled fan inside a cone-shaped hopper.

a) Configuration 1: Four fans covering the cathode area of the stack
working two by two without flow control.

For this configuration, the test bench is set up as in Fig. 2b. Fig. 8
shows the flow chart of the operation with this configuration. The
experimental analysis starts comparing the real stack temperature
with the optimal and robust stack temperature recommended by
the manufacturer, expression (1) and (2) respectively, [29].

Topt = 0.46 I + 33.63 (1)
Trob = 0.53 I, + 26.01 (2)
where,

Topt : Optimal stack temperature (°C) recommended by manu-
facturer for legacy operating conditions (air inlet temperature
from 10 °C to 40 °C).

Trob: Optimal stack temperature (°C) recommended by manu-
facturer for robust operation over wide air inlet temperature
range (—20°C—52 °C). Keeping the stack near this operating
temperature, the stack performance and cell stability are
achieved.

The aim to compare the real stack temperature with optimal and
robust temperature provided by the manufacturer, it is to show that
oxidant configurations proposed in this work satisfies Trob < Tq <

Configuration 1
Four FANS
Without flow control

Y
TSt&:k Topt = 0-46'|stack + 33.63
Istack Trop = 0.53lstack + 26.01

GROUP 1 =100%

GROUP 2
100%

Tstack < Trob

GROUP 2
0%

Fig. 7. Flow chart of configuration 1: Four fans working two by two without flow
control.

Tope €ven when initial room temperature is below stack tempera-
ture (it is also called cold start).

Then, according to the control logic shown in Fig. 7, the first
group of fans is always working, and if the stack temperature is
higher than the optimal stack temperature at the actual stack cur-
rent value, the second groups of fans starts to work as well. How-
ever if the stack temperature is lower than optimal temperature
and also lower than the robust temperature, the control unit does
not put in work the second group of fans, keeping in operation only
the first one. This situation corresponds with the case where the
stack temperature is near the recommended values and the stack
operates under acceptable operating conditions. In this case, the
first group of fans is kept in operation because they are needed to
supply the airflow required by the electrochemical reaction in the
stack. In this configurations, fans operating mode is ON/OFF. This
means that all the fans will be working at the maximum accepted
value, without any control over the fan speed. As an advantage of
this configuration, we can highlight its simplicity, but it cannot offer
the possibility to adjust the air stoichiometry rate.

Next, we are going to analyse the fuel cell response attending to
stack temperature, hydrogen pressure, voltage, current and power
supplied by the fuel cell. To do this the AC-PEFC has been subjected
to a multi steps load profile (10 A-30 A — 50 A).

Comparing the stack temperature with the optimal and robust
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Current (A), (e)-Stack Voltage (V) and (f)-Stack Power (W).

temperature recommended by the manufacturer (Fig. 8b), we can
deduce that during the first load steps, the stack temperature keeps
between the established margins of robust and optimal tempera-
ture, recommended by manufacturer. However, the time interval
that the stack temperature is between the robust and optimal
temperature is decreasing when the load current is increasing.

Another test done over the developed AC-PEFC with the
configuration 1 is a thermography analysis with a thermal imager
model Testo 875-1i, with a range of —30 °C to +100 °C and +2%
accuracy). This analysis allows us to evaluate if the configuration
under study is suitable or no as optimal Oxidant/Cooling subsys-
tem. For this purpose, a thermography has been taken at the
beginning of each load step. Authors have chosen the thermog-
raphy as an alternative to use multiple thermocouples placed in the
cooling channels by simplicity in the temperature diagnosis. In case
of an air-cooled fuel cell as this, the cathode is designed with
multiple channels for cooling, so this would lead to an extra-wired
structure with one thermocouple located in each cooling channel.
Additionally, thermocouples need to be in contact with the surface,
but this is not easy in an 80-cells stack with 40 cooling channels
each cell. Fig. 9a, b and 9c and Tables 3a, b and ¢ show a no uniform
temperature distribution.

At the beginning of the operating time interval (Fig. 9a) the stack
temperature distribution is considerably no homogenous with a
difference of 6.6 °C (Table 3a: M1 regarding M7) between the
hottest and the coldest point. However, as the load current in-
creases the difference of temperature between the hottest and the
coldest point is more significant achieving at 13.8 °C (Table 3c: M4
regarding M10).

When the load current is 10 A (Table 3a), the higher temperature
values can be found, in this order, in M1, M4, M2 and M5. In the case
of 30 A (Table 3b), in M4, M5 and M1. Finally, for 50 A, in M4, M5,
M1 and M2 (Table 3c). Notice that the hottest spots locations for
configuration 1 are always on the upper left corner of the stack.

b)Configuration 2: Four fans covering the cathode area of the
stack working two by two with flow control.

This second configuration aims to improve the AC-PEFC per-
formance allowing to control the four fans. This will be done
varying the fans speed taking into account the difference between
the stack temperature and the optimal and robust temperature
recommended by the manufacturer. For this configuration, the test
bench is set up as in Fig. 2b.

Fig. 10 shows the flow chart of the operation with configuration
2. This is delimited by three stages. The experimental analysis starts
calculating the difference between the stack temperature value and
the optimal temperature at the operating point. Additionally, the
variable called LIMIT presents the maximum value allowed for the
difference between the stack temperature and the optimal tem-
perature. In this case authors have established that LIMIT = 3. This
value corresponds approximately to the difference.

(Topt — Trob)/2, when Igq = 0. Then, in basis on the compar-
ison between this temperatures difference and the allowable
limit, the control system decides to activate one or two groups of
fans and the speed they must rotate. The action carried out at
each state is described as follow:
- State 0: the stack temperature value is well below the optimal
temperature taking into account the established limit. There-
fore, in this stage the stack needs to be warmed so fans will be
switched off to avoid cooling the stack. The stack takes the air
for breathing from the surrounding.
State 1: the temperatures difference is inside the range of
+LIMIT. This means that the stack temperature is found between
the accepted ranges recommended by the manufacturer.
Therefore, it is necessary to keep the stack temperature inside
this range. Therefore, GROUP 1 is put in working. The fan speed
will be adjusted according to the expressions (3) and (4).
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Table 3a

Stack temperature points (Config. 1-10 A).

I"‘llr

2

8a

240°C

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 3622 0.94 25.0
M2 345+2 0.94 25.0
M3 3182 0.94 25.0
M4 3572 0.94 25.0
M5 3452 0.94 25.0
M6 309+2 0.94 250
M7 2962 0.94 25.0
M8 304+2 0.94 25.0
M9 340+2 0.94 250
M10 339x2 0.94 25.0
M11 3162 0.94 25.0

DIF = (DIF — 2 .LIMIT)K;

Fangpeeq(%) = 100

DIF
2 LIMIT

50

(4)

- State 2: the temperatures difference is far above the defined
LIMIT. This means than the stack temperature is higher than the
optimal temperature taking into account the LIMIT. Therefore,
both fans groups (GROUP 1 and GROUP 2) must to be activated.

A. De las Heras et al. / Renewable Energy 125 (2018) 1-20

Fig. 9. a. Configuration 1: Thermography at 10 A. Fig. 9b. Configuration 1: Thermography at 30 A. Fig. 9c. Configuration 1: Thermography at 50 A.
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Table 3b
Stack temperature points (Config. 1-30 A).
Point Temp. (°C) Emis Ref. Temp. (°C)
M1 330+£2 0.94 25.0
M2 315+2 0.94 25.0
M3 31.7+2 0.94 25.0
M4 3522 0.94 25.0
M5 348+2 0.94 25.0
M6 2912 0.94 250
M7 303+2 0.94 25.0
M8 2782 0.94 25.0
M9 3072 0.94 250
M10 296+ 2 0.94 25.0
Mi11 278+2 0.94 25.0

In this state, the fan speed will be adjusted according to the
expressions (5) and (6).

DIF = DIF . K, (5)

DIF

5 oM+ >0 )

Fangpeeq(%) = 100
where K; =1 and K> = 2, are variables related to how much the
error should be increased and therefore how quickly we expect the
control acts. Authors in basis on system response have chosen these
constant values.
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Table 3c
Stack temperature points (Config. 1-50 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 352+2 0.94 25.0
M2 350+2 0.94 25.0
M3 340+2 0.94 25.0
M4 415+2 0.94 25.0
M5 409 +2 0.94 25.0
M6 299+2 094 25.0
M7 286+2 0.94 25.0
M8 316+2 094 25.0
M9 304+2 0.94 25.0
M10 2772 0.94 25.0
M11 281+2 094 25.0

Configuration 2
Four FANS

With flow control

Y

ek Topt = 0.46% 505 + 33.63
lsock | DIF = oo - Tont
K1
__,| GROUP1=0% YES
GROUP 2=0%
NO
GROUP 1 = FanSpeed NOQ
GROUP 2=0%
YES
K2 _
GROUP 1 = FanSpeed

GROUP 2 = FanSpeed

Fig.10. Flow chart of configuration 2: Four fans working two by two with flow control.

Like in the Configuration 1, the study of the dynamic stack
behaviour will be done using a multi steps load profile (10A—30A —
50A).

The fuel cell response is going to be analysed attending to stack
temperature, voltage, current, power, hydrogen pressure and a
multi steps load profile (10 A-30 A — 50 A) is used. From Fig. 11b,
we can see how the stack temperature changes when no current is
demanded by the load; this is because the previous study was done
before this one, so the stack is still warmed. Therefore, we can
appreciate how the configuration is capable of decreasing the stack
temperature from 60°C (due to the previous test) up to 30°C,
which is the optimal temperature for the first load current step. The
time when the load changes can be guessed perfectly over the stack
temperature response. Moreover, like in the previous configuration,
it is noticed that the stack temperature slope does not depend on
the step amplitude difference but on the actual current value at this
time. That is for the step between 10 A—30A, the amplitude step (20

A) is similar to the step amplitude between 30 A—-50 A. However,
the temperature slope and curvature are different. The curvature
slopes are 0.05 and 0.1 for 30 and 50 A, respectively.

Another observation we can do about Fig. 11 is the stack elec-
trical performance: attending to stack voltage response, when load
demand rises up to 50 A, the stack voltage does not drop and the
power supplied reaches above 2000 W avoiding air-starvation
problem. Therefore, for this configuration it does not seem to be
air supply problems.

Additionally, comparing the stack temperature with the optimal
and robust temperature recommended by the manufacturer
(Fig. 11b), we can deduce that the stack temperature is controlled
between the robust and optimal temperature during almost all the
load demand. Just in the last load step, the stack temperature is
slightly above the range recommended by the manufacturer.

Similarly to configuration 1, now with configuration 2 a ther-
mography analysis has been done as well, in order to evaluate if the
configuration under study is suitable or not as optimal Oxidant/
Cooling subsystem. For this purpose, a thermography has been
taken at the beginning of each load step. Fig. 12a, b and c; and
Tables 4a, b and c show a better uniform temperature distribution
regarding configuration 1.

In the first operating time interval (Fig. 12a) the stack temper-
ature distribution is significantly no homogenous with a difference
of 5.6 °C (Table 4a: M1 regarding M11) between the hottest and the
coldest point. However, as the load current increases, the difference
of temperature between the hottest and coldest point increases,
achieving at 10.3°C (Table 4b: M4 regarding M10) and 18.1°C
(Table 4c: M4 regarding M9).

When the load current is 10 A (Table 4a), the higher temperature
values can be found, in this order, in M1, M5, M2 and M6. In the case
of 30 A (Table 4b), in M4, M1, M6 and M2. Finally, for 50 A, in M4,
M1 and M5 (Table 4c). Again, note that the hottest spots locations
for configuration 2 are always on the left side of the stack.

c) Configuration 3: One single speed controlled fan.

In this case, the control logic results from a combination of the
two previous control diagrams. Similarly, it calculates the differ-
ence between the stack temperature and the optimal temperature
at the operating point and establishes the LIMIT value (in this third
case authors have established that LIMIT = 3).

The action carried out at each state is described as follow
(Fig. 13):

- State 0: when the difference between the stack temperature and
the optimal temperature is lower that (—) LIMIT, the stack far to
be cooled it needs to be warmed. An excess of cooling could
originate flooding of the membrane, affecting the stack perfor-
mance. In configuration 2 all the fans were switched off, but in
this case the fan is kept at its minimum controllable speed (700
min~!), which is 15% of the minimum speed according to
datasheet [31], with the aim to avoid the air starvation problem,
supplying the minimum amount of air needed by the stack for
breathing.

State 1: when the temperatures difference is inside the range of
+ LIMIT, the stack temperature is found between the accepted
ranges. Then, with the aim to keep the stack temperature inside
this range, the fan speed is adjusted according to expressions

(7).

DIF

Fangpeeq(%) = 100 5 LIMIT

+50 (7)
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Fig. 11. AC-PEFC for Configuration 2. From left to right and from top to bottom: (a}-Sample Time (s), (a)-Stack Temperature (°C), (c}-Hydrogen Pressure (bar), (d)-Stack Current (A),

(e)-Stack Voltage (V) and (f)-Stack Power (W).
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Fig. 12. a. Configuration 2: Thermography at 10 A. Fig. 12b. Configuration 2: Thermography at 30 A. Fig. 12c. Configuration 2: Thermography at 50 A.
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Table 4a
Stack temperature points (Config. 2—-10 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 336+2 0.94 26.5
M2 323+2 0.94 26.5
M3 303+2 0.94 26.5
M4 294 +2 0.94 26.5
M5 332+2 0.94 26.5
M6 323+2 094 26.5
M7 283+2 0.94 26.5
M8 283+2 094 26.5
M9 29.7+2 0.94 26.5
M10 283+2 0.94 26.5
M11 280+2 094 26.5
Table 4b

Stack temperature points (Config. 2-30 A).

Configuration 3
One single speed
controlled fan

l

. y
l“"“ »| Tepr= 0.460ecs + 33.63
ek DIF=T- Topt

Fan = SpeedMin (%) < 0>

NO
YES
Fan = Speedmax (%) «——
NO

K1 Tept = 046 1 gsocs + 33.63

DIF=T - Topt

Point Temp. (°C) Emis Ref. Temp. (°C)

M1 38312 094 26,5

M2 347+2 094 265

M3 3302 094 265

M4 402+2 094 265

M5 33.7+2 094 265

M6 34842 094 265

M7 32042 094 265

M8 3322 094 265

M9 309+2 094 265 NO

M10 299+2 094 265 Fan = Fanspeed (%)
Table 4c

Stack temperature points (Config. 2-50 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 39.8+2 0.94 26.5
M2 364+2 0.94 26.5
M3 3412 0.94 26.5
M4 492 +2 0.94 26.5
M5 3752 0.94 26.5
M6 36.6+2 0.94 26.5
M7 36.2+2 0.94 26.5
M8 344+2 0.94 26.5
M9 31.1£2 0.94 26.5

- Stage 2: finally, when the temperatures difference is far above
the defined LIMIT, the fan must rotate at its maximum speed
(5500 min~') to guarantee both the air breathing of the stack
and the temperature control.

Additionally to the previous control stages, it is necessary to
point out that the control strategy has to be also based in the
following: in case of stack model used in this work, the stoichio-
metric rate of the stack recommended by manufacturer varies be-
tween 50 and 200. Due to this range is excessively wide, it can
happen that working inside the stoichiometric range, the stack
performance was long from the optimal. Based on this, authors
propose the control diagram for configuration 3 with the aim to
accomplish with the restrictions related to stoichiometric range at
time that it pursues to maintain the stack temperature between the
recommended values. This condition of stack temperature is more
restrictive than the air stoichiometry criterion. In this case, the
difference between the optimal and robust temperature is not
higher than 7°C, so the oxidant/cooling subsystem must be
controlled with the aim to guarantee this narrow operating tem-
perature margin.

The experimental results obtained for this configuration are
shown in Fig. 14. Like in the previous configurations, the study of

YES -
»{ Fan = Speedun (%)

Fig. 13. Flow chart of configuration 3: One single speed controlled fan.

the dynamic stack behaviour will be done using a multi steps load
profile (10A—30A— 50A). From Fig. 14, we can point out how the
stack temperature remains stabilized when the load demands no
current; this is because the stack is cold. The time when the load
changes can be guessed perfectly over the stack temperature
response. Moreover, for all load currents, it can be pointed out that
the stack temperature is between the recommend range (optimal
and robust temperature values) and it keeps stabilized in the same
way that for 0 A. Unlike to previous configurations, where the stack
temperature slope did not depend on the step amplitude difference
but on the actual current value, now the temperature slope and
curvature are identical at the step between 10 A—30A (amplitude
step of 20 A) and at the step between 30 A—-50 A.

Another observation we can appreciate over Fig. 14 is the stack
electrical performance: attending to stack power response, when
load demand rises up to 50 A, the stack power does not drop
abruptly like it happened in configuration 1 (remember Fig. 8), but
it achieves more than 2500 W.

Regarding the thermography analysis that has been done to
evaluate if the configuration under study is suitable or not as
optimal Oxidant/Cooling subsystem, in this case like in the previous
ones, a thermography has been taken at the beginning of each load
step. Fig. 15a, b and ¢, and Tables 5a, b and ¢, show uniform tem-
perature distribution. In the first operating time interval
(Figure 15a) the stack temperature distribution is practically ho-
mogenous with a difference of 0.8 °C (Table 5a: M5 regarding M6)
between the hottest and the coldest point. As the load current in-
creases, the difference of temperature between the hottest and the
coldest point increases slightly, achieving at 1.1 °C (Table 5b: M5
regarding M3) and 1.4 °C (Table 5c: M5 regarding M3).

Regarding the results obtained up to now, we can have some
relevant data to foresee what configuration fulfils the six re-
quirements that the oxidant/cooling system must guarantee. Just as
a reminder, they were (Fig. 1): 1) To be able to cool the stack
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Fig. 14. AC-PEFC for Configuration 3. From left to right and from top to bottom: (a}-Sample Time (s), (b)-Stack Temperature (°C), (c)-Hydrogen Pressure (bar), (d)-Stack Current (A),

homogeneously, 2) To provide sufficient airflow range to control
the PEFC temperature under a range of power and room/coolant air
temperature, 3) To place the stack at optimum temperature, 4) To
reduce the auxiliary power consumption, 5) To do all this within a
certain sized box, and finally but not least 6) To do it cost effectively.

(e)-Stack Voltage (V) and (f)-Stack Power (W).
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Based on the tests performed, it is clear that the only configu-
ration able to meet the requirements is the configuration 3. How-
ever, we still have to prove that it provides sufficient airflow range
to control the PEFC temperature, under a range of power and room/
coolant air temperature. The previous test has been carried out
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Fig. 15. a. Configuration 3: Thermography at 10 A. Fig. 15b. Configuration 3: Thermography at 30 A. Fig. 15c. Configuration 3: Thermography at 50 A.



Chapter 6. Other scientific contributions

A. De las Heras et al. / Renewable Energy 125 (2018) 1-20 13

Table 5a
Stack temperature points (Config. 310 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 302+2 0.94 23
M2 305+2 0.94 23
M3 301+2 0.94 23
M4 306+2 0.94 23
M5 308+2 0.94 23
M6 3002 094 23
M7 307 +2 0.94 23
M8 302+2 094 23
Table 5b

Stack temperature points (Config. 3-30 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 359+2 0.94 23
M2 3652 0.94 23
M3 3572 0.94 23
M4 36.6£2 0.94 23
M5 368 +2 0.94 23
M6 3602 0.94 23
M7 36.7+2 0.94 23
M8 3632 0.94 23
Table 5¢

Stack temperature points (Config. 350 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 422+2 0.94 23
M2 431+2 0.94 23
M3 420+2 0.94 23
M4 432 +2 0.94 23
M5 434 +2 0.94 23
M6 426+2 0.94 23
M7 433+2 0.94 23
M8 421+2 0.94 23
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with a fix room temperature of 23 °C and an initial stack temper-
ature of 33°C.

Then, with the aim to probe that the developed oxidant/cooling
subsystem provides sufficient air in a room temperature range, a
last test will be done over configuration 3. Now the room temper-
ature has been lowered to 13 °C, which logically brings a significant
drop in stack temperature. The results of this new test are shown in
Fig. 16.

Regarding Fig. 16, we can observe that stack reaches the tem-
perature recommended by the manufacturer at the end of the first
step, due to its low starting temperature. In fact, as you can see in
Fig. 16b, it takes about 6 min for the temperature to be inside the
window (Top — Trob). From here, the behaviour of the stack tem-
perature is becoming more and more suitable. Nevertheless, in
basis on power output, the stack performance is not affected. Then
we can advance that the stack can provide the design power even
when its starting temperature is below the design temperature.

Regarding the thermographies (Figures 17a, b and c¢; and
Tables 6a, b and c, at the beginning the difference of Tables 5a and
6a, is practically the same as the drop in room temperature. This is,
around 10 °C. However, as the stack is working, the gap is coming
reduced, and at the end of the test, it is only around 5 °C.

5. Discussion

In the red-ox reaction that takes place in a fuel cell, the
hydrogen energy is transformed into electrical power and heat. A
stack temperature control non-optimized will lead to a fuel cell
where the most of the hydrogen energy is converted into heat,
resulting an inefficient system. However, a temperature control in
which the aims is not only to adjust the air stoichiometry but to fix
the stack temperature between the recommended ranges, provides
a better fuel cell efficiency: with the same hydrogen consumption,
it supplies higher electrical power.
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Fig. 16. AC-PEFC for Configuration 3: Test 2. From left to right and from top to bottom: (a}-Sample Time (s), (b)-Stack Temperature (°C), (c)-Hydrogen Pressure (bar), (d)-Stack

Current (A), (e)-Stack Voltage (V) and (f)-Stack Power (W).
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Table 6a
Stack temperature points (Config. 310 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 203+2 0.94 13
M2 201 £2 0.94 13
M3 200+2 0.94 13
M4 198 +2 0.94 13
M5 202+2 094 13
M6 1912 0.94 13
M7 190+2 0.94 13
M8 203+2 0.94 13
M9 19.7+£2 0.94 13
M10 195+2 0.94 13
Table 6b

Stack temperature points (Config. 330 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 308+2 0.94 13
M2 3152 0.94 13
M3 300+2 0.94 13
M4 306+2 0.94 13
M5 326+2 0.94 13
M6 319+2 0.94 13
M7 304+2 0.94 13
M8 320+2 0.94 13
M9 300+2 0.94 13
M10 2372 0.94 13
Table 6¢

Stack temperature points (Config. 3—-50 A).

Point Temp. (°C) Emis Ref. Temp. (°C)
M1 365+2 0.94 13
M2 376+2 0.94 13
M3 365+2 094 13
M4 36.1+2 0.94 13
M5 386+2 0.94 13
M6 379+2 0.94 13
M7 358+2 0.94 13
M8 370+2 0.94 13
M9 366+2 0.94 13
M10 298+2 0.94 13

In this work, for developed configurations 1 and 2, with 4 fans
(Fig. 2b), authors have proposed these designs in basis on stack’s
manufacturer recommendations based on a polycarbonate enclo-
sure around the stack. This structure serves as stand to support four
fans that cover the area of the stack cathode. Regarding configu-
ration 3 with only a fan (Fig. 2¢), the design aim of the authors has
been to improve the air breathing of the stack and its temperature
distribution over the cathode. This third configuration tries to sort
out the problem observed in configurations 1 and 2: the air follows

Table 7
Analysis of Oxidant/Cooling system parameters.

preferential paths surrounding the stack instead of crossing it for its
cooling. In this sense, authors have proposed a design consisting on
a speed controllable fan, which is inserted in a cone-shaped hopper
built to facilitate the air blow through the stack and avoiding
preferential paths of the airflow.

In configuration 1 the fans operate in ON/OFF mode. In config-
uration 2, the fans are controlled based on the difference between
the stack temperature and the optimal temperature recommended
by manufacturer. In configuration 3, the single fan works with
variable speed, under a control law whose purpose is to maintain
the stack temperature within the window of suitable operating
temperatures of the stack. Someone might wonder why the authors
have not designed a controller, such as a PID for example that can
track the optimum temperature (it would have even been easier
than the proposed solution). The answer is that the heating process
is not controlled, it depends on the power requested to the stack at
any time, and the cooling process, based on ventilation, does not
allow to follow a set point exactly; consequently, it is better, more
practical and efficient, to work in a window of allowed values.

The three proposed configurations have been tested under the
same conditions and load profile. The goal to compare proposed
configurations is to verify the fulfilment of the six design challenges
proposed at the beginning of the work. These challenges are:

1) To be able to cool the stack homogeneously.

2) To provide sufficient airflow range to control the PEFC temper-
ature, under a range of power and room/coolant air
temperature.

3) To place the stack at optimum temperature.

4) To reduce the auxiliary power consumption.

5) To do all this within a certain sized box, and

6) To do it cost effectively.

Analysing the experimental results, we can observe that in
configuration 1 (Fig. 8), the stack temperature does not change
when no current is demanded by the load. Next, stack temperature
starts to increase as load current gets higher. The time when the
load changes can be guessed perfectly over the stack temperature
response. Moreover, we can notice, the stack temperature slope
does not depend on the step amplitude difference but on the actual
current value at this time. That is, for the step between 10 A—30 A,
the amplitude step (20 A) is similar to the step between 30 A—50 A.
However, the temperature slopes and curvatures are different. The
curvature slopes are 0.1 °C/A at 10 A, 0.05 °C/A at 30 Aand 0.4 for 50
A.

Another observation we can do over Fig. 8 is the electrical per-
formance of the fuel cell. Attending to voltage response, when load
demand rises up to 50 A, the stack voltage drops significantly
reducing the power supplied by the stack below 1000 W. Attending
to the real AC-PEFC implementation and the BoP configuration

Configuration Air required Heat Generated Air Volume needed for Total Air Pressure Fan operating point
Air'gtqq, (m*[h) Qstack__teat (W) cooling Vs-(m*/h) [’] drop APyoq (Pa)
#1 10A 0.79 470 132.73 [166.59] 4443 OFF: 0
30A 2.39 1560 179.75 [75.19} 52.69 ON: 5500 rpm
50 A 3.98 4500 270.06 [67.78] 69.43
#2 10A 0.79 450 112.72 [141.41] 41.40 05500 rpm
30A 239 1505.7 177.04 [74.06] 5222 According to control
50A 3.98 2990 215.33 [54.04] 59.58 algorithm (Fig. 10)
#3 10A 0.79 380 109.46 [137.38] 40.84 7005500 rpm
30A 239 1370 164.44 [68.79] 50.18 According to control
50A 3.98 2500 211.81 [53.16] 58.53 algorithm (Fig. 13)

# \ is the stoichiometric rate and it is defined as:i = air flow needed for cooling/air flow required for oxidant reaction.
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Fig. 17. a. Configuration 3. Test 2: Thermography at 10 A. Fig. 17b. Configuration 3. Test 2: Thermography at 30 A. Fig. 17c. Configuration 3. Test 2: Thermography at 50 A.
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(Fig. 2), two reasons could be the origin of this: a wrong hydrogen
supply or an inefficient oxidant supply system. They are the only
two agents involved in the stack red-ox reaction. Attending to
hydrogen pressure response (Fig. 8¢), it has been kept fixed along
the whole test so this leads us to think the high temperature ach-
ieved by the stack (Fig. 8b) is due to an improper air-breathing and
the oxidant/cooling system is inefficient. Remember that the air-
starvation problem can affect the electrical resistivity of the
membrane because the membrane is very dry to allow passing ions
across itself.

Based on the above, configuration 1 is an inefficient Oxidant/
Cooling subsystem. The stack temperature increases continually
(Fig. 8b) because the Oxidant/Cooling subsystem is not capable of
maintaining the stack temperature value between the recom-
mended ranges. Therefore, the system requires a better control over
the fans to adjust properly the stack temperature as well as to
supply the air needed for breathing. Additionally, there is a clear
air-starvation problem, reducing considerably the fuel cell effi-
ciency. The thermography images taken along the load profile
(Fig. 9a, aand 9c) show clearly how the airflow surrounds the stack
following preferential paths because the hottest spots locations are
always (regardless of the power demanded) on the upper left
corner of the stack (see also values on Tables 3a, b and c¢). So, a
diagonal-shape operating mode for fans activated two by two is not
recommended.

Regarding configuration 2, it solves the air-starvation problem
presented by configuration 1. Besides, it shows a better stack
temperature response (Fig. 11). It increases continually as load
current rises and it is closer to the optimal temperature (Fig. 11b)
than configuration 1, but most of the time it is still outside.
Regarding the fuel cell efficiency, this is better than in previous
configuration. However, the stack temperature distribution is still
no uniform; note that the hottest spots locations for configuration 2
are always on the left side of the stack (please, see Fig. 12a, b and
12c; and Tables 4a, b and c). In fact, the no-uniformity in the stack
temperature is even more noticeable than in configuration 1. This
can be appreciated in the thermographies at different load current
values. Table 4c shows that there is a difference greater than 18 °C
between the hottest and the coldest point at the same time in the
same stack.

Finally, the last proposed configuration avoids the preferential
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paths because the cone-shaped hopper is totally adapted to the
stack avoiding the space between the stack and the structure for
the air flow. Therefore, the airflow is forced to cross the stack in
order to cool it. In this case, experimental results show the stack
temperature is fairly well adjusted to optimal temperature, guar-
anteeing both the stack oxygenation and cooling (please, see
Figs. 14 and 15, and Tables 5a, b and C). That is, both air-starvation
and no-homogeneous cooling problems from configurations 1 and
2 are solved. As consequence, this design guarantees both the more
proper air breathing subsystem for the stack and the best fuel cell
efficiency. Additionally, thermography images demonstrate the
best temperature distribution is around the stack cathode area.

Up to now, with the tests done over configurations 1, 2 and 3 we
can advance what configuration best fulfils the six requirements
that the oxidant/cooling system must guarantee (see Fig. 1). The last
question that has been addressed in this paper is the oxidant/
cooling subsystem capability. As it was introduced, one of the re-
quirements is to provide enough airflow under different power
outputs and room temperatures. On the other hand, as it is
demonstrated in Ref. [15], the airflow rate needs are higher for
stack cooling than for oxygenation. Therefore, if the stack cooling is
guaranteed, the stack oxygenation will be too. In this regard, the
cooling airflow rate depends on the difference between the stack
and air temperature; higher difference, higher airflow needs. Then,
the fan selection [15] was done considering the highest tempera-
ture the stack could achieve (66 °C at nominal power). Then, the
first test applied over configuration 3 confirms the design is suit-
able for supplying enough airflow to oxygenate and cool the stack
at a certain room temperature. The second test completes the first
one showing the proper stack oxygenation and cooling for a room
temperature range. Regarding this (please see Figs. 16 and 17 and
Table 6a, b, c), it is clear that air starvation (deficiency of configu-
ration 1) and high stack temperatures (deficiency of configurations
1 and 2) have more negative effect on the stack performance than a
cool starting. In a real application, in case the user desires to start
working inside the temperature range, it is advisable to wait a few
minutes to warm the stack.

The effects of a proper design of the Oxidant/Cooling subsystem
can be observed directly over the stack performance. Then, if the
stack is operated at temperatures above optimal one, the mem-
brane will dry out and become more electrically resistive, reducing
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Fig. 18. a. Air chart for fan model Embpast-6224TD (Configuration 1 and 2). Fig. 18bAir chart for fan model Embpast-6224TD (Configuration 3).
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Fig. 19. a. Stack Voltage Comparison. Figure 19b. Stack Power Comparison. Fig. 19c. Stack Temperature Comparison.

the stack performance. This is the case of configurations 1 and 2.
Even at extreme temperatures, the membrane can become
damaged, resulting in irreversible performance losses. Specifically,
in configuration 1 due to an improper air-breathing and inefficient
oxidant/cooling system, stack suffers air-starvation problem. This
provokes there is no sufficient air for the redox reaction in the

membrane (oxygen and hydrogen mix to form electricity and wa-
ter) and, consequently the voltage will decrease significantly,
decreasing too the power provided by the stack.

By contrast, if the stack is operated at temperatures well below
optimal value, the membrane will be over-humidified, resulting in
the presence of liquid water in the cells. Too much water can cause
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anode flooding, where the water blocks reactants from reaching the
catalyst layer. This can also cause irreversible performance loss
though localized fuel starvation and cell reversals. For this reason,
the temperature control system developed in configuration 3 keeps
the stack temperature very close to the optimum value. That is, in
configuration 3, the one that shows the best stack performance,
there are no situations of air-starvation, nor dry or flooded
membrane.

Paying attention to thermographies we can observe configura-
tion 1 point out clearly that the airflow surrounds the stack
following preferential paths because the hottest spots appear on
the upper left corner of the stack. With regard to the difference
between the coldest and hottest point at highest current value
(50A), it has been justified than it can achieve more than 13°C,
respect to the value 73 °C, given by the temperature sensor pro-
vided into the stack by the manufacturer. Therefore, the stack
temperature distribution in configuration 1 is no uniform at all.

Regarding thermographies obtained from configuration 2, they
show how the stack temperature distribution is still no uniform. In
this case, the hottest points also appears on the upper left side of
the stack, very similar to configuration 1. Moreover, the difference
between the coldest and hottest point at highest current value
(50A), is worse than in the first configuration, increasing up to 18 °C
taking as reference the value of 65 °C given by the temperature
Sensor.

In the last configuration, the third, thermography images point
out that the best temperature distribution is around the stack
cathode area. In this case, temperature distribution is clearly ho-
mogeneous in the two cases (configuration 3-Test 1 and configu-
ration 1-Test 2. The difference between the coldest and hottest
point is 1.4 °C, while the value offered by the temperature sensor is
65 °C. Then, we can conclude that the best configuration, besides it
involves a more complex control into the fan, is configuration 3. It
guarantees the best air breathing and cooling into the stack, ho-
mogenous temperature distribution and the best stack
performance.

Once the three proposed configurations have been discussed
separately, now we are going to compare the main factors defined
by the oxidant/cooling subsystem design. These factors are the air
mass required for oxidant reaction, the heat generated by the stack,
the air flow needed for cooling the stack and the fan operating
point.

Based on Table 7, we can see that air required by oxidant reac-
tion increases when current rises, and it is much lower than the air
flow required for cooling the stack. It is proved that in all the cases,
the stoichiometric rate keeps inside the range recommended by the
manufacturer (50-200). Additionally, we can observe that the less
efficient configuration (#1) is the one that implies highest heat
production in the stack. From this, configuration 2 and 3 reduces
gradually the heat generation, and therefore the air required for
cooling decreases too.

Regarding the fan speed, it is adjusted according to the control
algorithm. The fan operating point can be known taking into ac-
count the pressure drop that the air flowing through the stack
experiences and the air flow needed for cooling. Fig. 18a and b
shows the fan/s operating range, in the three cases, is inside of
nominal operating area defined by the fan manufacturer.

Where (equations expressed below have been obtained from
manufacturer data [29,30],

- Airgaer = 0.000996 - Is-ngy is the air flow required for oxidant
reaction (m3/h).

- Qstack__hear = Nee*(1.25 V— Vo) - s is the heat generated by the
stack (W).
0 Ny is the number of cells that integrates the stack (80).
0 Ve = Viack/Neen is the cell voltage (V).
o I is the number stack current (A).

£i s Quack_) i i
Vs = mm,,f.f——'i'»cgfpﬂ is the air volume flow needed for stack

cooling (m3/h).

o T; is the stack temperature (°C).

0 Tymp is the ambient temperature (23 °C).

o Cp is air heat capacity (1012 J/(Kg -K)).

0 pgir is the air density (1.29 kg/m?).

AP = Ps+ -Pgying is the total pressure drop that the air
flowing experiences (Pa).

_0.0592-(T,+273)"°
0 Ps = T,+393 [(ER )]

stack (Pa), with V expressed in I/min.
0 Pyycting is the ancillary air pressure drop such as the ducting
(no higher than 24 Pa)

is the pressure drop through the

Before to conclude, we are going to compare the performances
obtained from each configuration with the standard configuration
recommended by the manufacturer. Then, Fig. 19a shows the stack
voltage obtained in each case, and from it, we can deduce the
configuration that allows obtaining the best performance from the
stack is the one that guarantees the best breathing/cooling to the
stack (configuration 3). Fig. 19b shows that configuration 3 allows
extracting from the stack more power than the power offered ac-
cording to standard configuration proposed by manufacturer.

The last comparison is related to stack temperature. As we can
observe from Fig. 19¢, those configurations where the stack is
properly cooled, the stack temperature is very close to optimal
temperature and it matches with configurations that offer higher
power rates. As a result, worse temperature control involves worse
stack performance.’

Finally, Table 8 summarizes the main characteristics of the
proposed configurations and the standard configuration proposed
by the manufacturer, attending to parameters for accomplishing
the challenges posed as goals of the presented work in relation to
the oxidant/coolant subsystem. These parameters are:

- Number of fans which integrate the subsystem.

- Size of the enclosure.

- Total weight.

- Cost, calculated as unitary cost * number of units.

- Auxiliary power consumption, calculated as unitary power
consumption * number of units.

- Possibility of airflow control.

- Homogenous temperature distribution. Taking into account the
stack in made up by 80 cells, the maximum difference between
the hottest and coldest point to consider the temperature dis-
tribution as uniform is fixed at 2 °C; this corresponds with a rate
of 0,025 °C/cell

- And finally, fuel cell system efficiency, calculated as “Output
Electrical Power/Hydrogen Consumed)

In basis of them, Table 8 offers a comparative of requirements
achieved by each proposal, showing that configuration 3 accom-
plishes all of them.

! Regarding stack temperature response, differences at the beginning of each test
are justified because stack has been subjected to different initial conditions.
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Table 8

Summary of the performances obtained from the proposed Oxidant/Cooling subsystems and from the manufacturer standard configuration.

Configuration Structure Number Size (W xLx H) Weight Cost(€) Auxiliary Power Airflow Homogenous AC-PEFC Efficiency
of fans  (mm) (gr) Consumption Control  Temperature (Electrical power/H2
(W) Distribution ~ consumption)
1 Four fans without control 4 400 x 200 x 600 3280 79936  364.8 No No 30%
2 400 x 200 x 600 3280 799.36 364.8 Yes No 42%
3 350 x 250 x 440 820 199.84 91 Yes Yes 50%
Manufacturer 2 400 x 200 x 600 410 399.7 1824 No No 45%
proposal N

6. Conclusion

This paper presents a comprehensive experimental study of
three possible configurations of the Oxidant/Cooling subsystem in
an AC-PEFC. This presented study justifies that the authors are
trying to enhance the Oxidant/Cooling subsystem. Contrary to what
one might think, and based on experimental results, this paper has
shown how the Oxidant/Cooling subsystem can condition the stack
operation. It is really important to control the stoichiometric rate
between the values recommended by the manufacturer's data to
avoid the stack deterioration.

This work departs from six challenges in the design and
manufacture of the oxidant/cooling sub-system in an AC-PEFC: 1)
to be able to cool the stack homogeneously, 2) to provide sufficient
airflow range to control the PEFC temperature, under a range of
power and room/coolant air temperature, 3) to place the stack at
optimum temperature, 4) to reduce the auxiliary power con-
sumption, 5) to do all this within a certain sized box, and last but
not least 6) to do so cost effectively.

In order to overcome the challenges posed, the presented work
departs from a configuration based on manufacturer recommen-
dations and trying to improve the stack temperature control
including some changes which could make to enhance the system
operation.

To carry out the study, different configurations for the Oxidant/

Cooling subsystem have been designed, built and analysed based
on the AC-PEFC responses. Proposed configurations are based on
influencing on different devices which integrate the Oxidant/
Cooling subsystem (fan/s, distance, enclosure design, flow adapter,
and so on). Different variables have been analysed from the AC-
PEFC system with the different configurations applied to the
Oxidant/Cooling subsystem. This has been complemented by
introducing different thermography at different stack current
values to study the temperature distribution over the stack cathode
area.

Three configurations have been carried out: four fans covering
the cathode area of the stack working two by two without flow
control, four fans covering the cathode area of the stack working
two by two with flow control, and one single fan with speed
controlled. The first two are housed in a polycarbonate rectangular-
shaped enclosure that covers the entire stack. The third has been
placed in a cone-shaped hopper also covering the entire stack. This
cover is adapted to the stack geometry.

With regard to the experimental results, we can assert that the
first two proposals present a diminished airflow distribution
because the airflow follows preferential paths due to the space. This
space is found between the polycarbonate enclosure and the stack,
and the airflow follows these paths instead of crossing the stack
and cooling it.
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ABSTRACT

This paper presents anew and optimal proposal of energy management strategy for a solar panels/wind
turbines/fuel cell/battery/alkaline electrolyzer on grid hybrid power system. These new proposal takes
into account technical and economical optimization parameters, improving the system performance,
the lifetime of different elements and reducing operation and maintenance cost. The features of the
proposed energy management strategy are compared over other strategies found in the scientific
literature. Additionally, another key parameter like fuel cell modularity has been considered. That is
the effect over the whole system performance of using a single fuel cell with high rate power (P, )
versus a modular configuration built from n stacks with P_ /n rate power each one. Then, joining
the new proposed strategy with the optimization parameter regarding the fuel cell modularity, it is

possible to get the best solution for this kind of hybrid systems.

KEYWORDS
Energy Management, Fuel Cell Configuration, Hybrid Renewable, Hydrogen Backup, Simulator

1. INTRODUCTION

Nowadays it is an increasingly environmental problem the use of an energy system based on fossil
fuels. Despite the efforts of governments and research teams, renewables energies have a number of
associated problems such as dependence on environmental conditions, lifetime, high price, etc. In
order to reduce these problems, the use of hybrid systems is presented as a technically feasible optimal
solution. Recently, the use of hydrogen as an energy vector has been presented as a viable solution to
improve the performance of hybrid system (Garcia, Torreglosa, Fernandez, & Jurado, 2013).

The proper energy management of hybrid systems requires the design of a control system and
energy management strategy. For this reason, different works have been presented in order to make an
optimal management, increasing system performance, providing a real alternative to current energy
production. Most of these works are based on strategies whose sole propose is to keep the load as
long as possible. The main target of these strategies is to ensure the power balance. This parameter
is presented therefore as the only decision criteria to operate the system. These strategies base their
efforts on maintaining the demand, ignoring technical or economic criteria associated with the
proper operation of the equipment and its operating regimes. The use of fuel cell and electrolyzer is
determined by the power balance, generating or absorbing energy based on the amount of excess/deficit

DOI: 10.4018/1JEOE.2017010101

Copyright © 2017, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global 1s prohibited.
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energy. Strategies with grid connected configurations, use the grid as an active element of the system
increasing security by having a solution in situations of excessive excess or defect energy (Ahmed,
2012), (Alkano, Kuiper, & Scherpen, 2015), (Mohammadi & Nafar, 2013), (Tesfahunegn, Ulleberg,
Vie, & Undeland, 2011), (Giannakoudis, Papadopoulos, Seferlis, & Voutetakis, 2010). In isolated
topologies, it will depend on the use of short-term energy storage elements. In most applications,
batteries or supercapacitors operate in the first instance in situations of excess or defect energy,
absorbing or supplying energy respectively. The use of fuel cells and electrolyzers is determined by
the maximum or minimum predetermined operating margins for the above equipment (Sun, Lian,
Wang, & Li, 2009), (Li, Jiao, & Wang, 2013), (Osman Haruni, Negnevitsky, Haque, & Gargoom,
2013), (Tégani, Aboubou, Ayad, Becherif, & Bahri, 2014), (Feroldi, Degliuomini, & Basualdo, 2013),
(Mbarek, Belhadj, Le, & Tunis, 2009), (Bizon, Oproescu, & Raceanu, 2015).

In the same way, there are different works with strategies which objectives include some technical
decision factors. The main target of these strategies is to reduce the degradation of the more critical
equipment during the system operation. These elements are battery, electrolyzer and fuel cell. The
solutions adopted in the literature are diverse and depend on the main goal to study. Strategies which
choose to increase battery life, operate it with very low depths of discharge, a fixed load condition or
a narrow range of SOC (Alkano et al., 2015), (Sacarisen & Parvereshi, n.d.), (Ipsakis et al., 2008).
Other strategies are based on overcurrent control, improving the battery charge process (Kim et al.,
2014). Strategies which choose to increase the electrolyzer lifetime are based on operate it with
minimal power point. The use of this parameter will increase the performance but with low purity of
products (Alkano et al., 2015), (Dash & Bajpai, 2015), (Uzunoglu, Onar, & Alam, 2009).

In order to reduce the degradation of the fuel cell versus dynamic conditions, it will operate in
stable power (Brka, Kothapalli, & Al-Abdeli, 2015), (Dursun & Kilic, 2012).

On the other hand, to reduce the negative etfect of starts-stops cycles of electrolyzer and fuel cell,
two different solutions are adopted in the literature. The first one determines the start-stop points of
the equipment according to the hysteresis of the SOC (Karami, Moubayed, & Outbib, 2014)], (Dash
& Bajpai, 2015), (Sacarisen & Parvereshi, n.d.). The second one uses generation and demand forecast
to determine, based on the current system status, what element will be necessary in the next work
cycle and its power reference (F. Segura, Durdn, & Anddjar, 2009), (Hussain, Member, Bingham, &
Stone, n.d.). Such strategies have the disadvantage of relying of the precision of the forecast. Finally,
(Behzadi & Niasati, 2015) presents a strategy which priority is based on the accumulated degradation
for each element. The element with lower degradation will absorb or supply energy when it is necessary.

Other strategies have only economic goals, ignoring some real problems associated with the
equipment degradation. The solutions adopted in the literature (Bordons, Garcia-Torres, & Valverde,
2015), (Heymann & Bessa, 2015), (Zhou, 2008), (Garcia, Torreglosa, Fernandez, & Jurado, 2014),
(Zhang et al., 2013), (Patsios, Antonakopoulos, Chaniotis, & Kladas, 2010), (Trifkovic, Marvin,
Sheikhzadeh, & Daoutidis, 2013) are based on the use of different cost functions associated with the
charge or discharge of the elements, which determine an optimization problem. The use of different
algorithms will be used to calculate the solution of optimization problem.

Finally, this kind of strategy seeks to increase system performance, based on the proper supply
to demand. Technical and economic criteria are taken into account to increase equipment life and
reduce maintenance costs. This strategy has an optimal solution for a technical and economic point of
view, compared to traditional generation alternative systems. The solutions adopted in the literature
(Castaneda, Cano, Jurado, Sanchez, & Fernandez, 2013), (Wang, Tong, Palazoglu, & El-farra, 2014)
are based on nonlinear optimization problems, using cost and equipment depreciation and useful life
functions.

On the other hand, most of studied hybrid systems (Ahmed, 2012; Das, Esmaili, Xu, & Nichols,
2005; Eid, 2014) consider a fuel cell as energy backup element to ensure the load demand and system
stability as secondary long-time backup. In all these cases the fuel cell system is built from a single
stack, and hardly we can find works, (El-Shatter, Eskander, & El-Hagry, 2006), which mention the
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possibility of including a modular fuel cell instead of a single fuel cell for a better adaptation to
supply the required energy.

Regarding the fuel cell operation, stacks can be deteriorating in start-up/stop cycles, load changes
and run-time operation.

In order to take into account all the technical and economic requirements necessary for
guaranteeing an optimal system response, authors propose a strategy based on battery (BAT), SOC
hysteresis and optimum operating points of electrolyzer (ELEC) and optimal configuration of fuel
cells (FC). Additionally, a hydrogen management strategy is supplied, in order to obtain the maximum
performance in the generation, storage and consumption subsystems.

Finally, a sensitivity analysis will be performed in order to compare the results obtained from
the proposed strategy with regard to other solutions adopted in technical literature.

In the next section, the proposed hybrid system is studied. In Section 3, the energy management
strategy is presented. The designed simulator and the models used for each subsystem are discussed
in Section 4. The results and discussions are presented in Sections 5 and 6 respectively. Finally,
conclusions are presented in Section 7.

2. PROPOSED HYBRID POWER SYSTEM

The hybrid system presented in this work consists mainly of two different sources of renewable energy,
solar panels (PV) and wind turbines (WT) as primary and secondary energy sources. As a last resort,
the injection of the grid can be used in case of energy deficit in the system.

Similarly, it has a number of loads which must be guaranteed at all times. The primary load is
modelled as a DC variable load, which represents any possible profile in any application. There is
a secondary load whose function is to ensure the energy balance in situations of excess production.
This load is represented by an electrolyzer, which can convert the electrical energy into chemical
energy with the use of hydrogen like energy vector. In extreme cases, the grid can be considered like
another load, in case of over production.

Additionally, there are needed energy backup elements to ensure the load demand and system
stability in situations of energy deficit. In this case, a batteries bank (BAT) is used as primary short/
medium-time backup energy, and a fuel cell system (FC) as secondary long-time backup energy.

In the same way, is necessary the use of hydrogen backup technologies. For this target, the use
of metal hydrides tanks and high pressure tanks are used in this topology.

Finally, all the elements of the system are connected to an internal DC bus. In order to assure an
optimal connection, DC/DC converters are used to keep sources at his optimal operation point, and
to assure the nominal output voltage to the correct DC bus connection.

The architecture of the proposed hybrid renewable system installed at the University of Huelva
is shown in Fig. 1.

3. ENERGY MANAGEMENT STRATEGY

To operate, integrate and interconnect all the elements of the presented distributed generation system,
ensuring safe operating regime and fulfilling the objectives, it is necessary a control system to manage
the energy inside. Proper energy management strategy, enable us to supply the demand, increase
the lifetime of the elements, reduce operating costs, and therefore, maximize system performance,
providing a viable technical and economical solution.

The main targets of the proposed energy management strategy are guarantee the demand at all
time, operate the system in order to increase the lifetime of different elements and reduce the operation
and maintenance costs, and finally the optimal hydrogen management in its three different phases:
production, storage and consumption. For this reason, is necessary the development of two different
strategies, the first one a power management strategy, and the second one a hydrogen management
strategy.
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Figure 1. Architecture of proposed hybrid power system
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3.1. Power Management Strategy

The power management strategy has the target of operate the system in an optimal operation point,
fulfilling the objectives presented previously. In order to get it, the power balance at all the time must
to assure the demand. Then the power balance equation can thus be written as (1):

Pnel= va+ PWT_PIoad_P (1)

losses,

where P_ is the net power, P, P, is the power generated by solar panels and wind turbines; and
Bl les, are the demand and electrical loses inside the system respectively.

Additionally, in order to operate the system in an optimal operation point, taking into account
the lifetime of the elements, is necessary to know the disadvantages of each component.

The use of fuel cells in dynamic start/stop cycling and variable loads conditions, increase the
degradation of active area in electrodes, with a fast oxidation and dissolution of platinum layer,
resulting in mass transport losses and therefore, resulting in voltage losses (Bae et al., 2012; Borup,
Davey, Garzon, Wood, & Inbody, 2006; Janssen, Sitters, & Pfrang, 2009; Kannan, Kabza, & Scholta,
2015; Lin et al., 2015; Mohammed Jourdan, Mounir, & Marjani, 2014; Oyarce et al., 2014; Uno &
Tanaka, 2011; Yu et al., 2012). These losses affect the stack performance.

On the other hand, the batteries lifetime depends on the depth of discharge (DOD) and operation
conditions, so it is necessary to guarantee the use of them under security margins (Sacarisen &
Parvereshi, n.d.),(Ng, Moo, Lin, & Hsieh, 2008). Finally, the use of an electrolyzer under very low
power operation points or dynamic start/stop conditions, can suffer extra deterioration in electrolyte,
and also operate in very low efficiency operation point (Ziogou et al., 2013; Miland & Ulleberg, 2012).
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In order to solve the majority of the above problems, different operation conditions are presented:

1. Hysteresis band for battery state of charge (SOC) for the start/stop conditions of fuel cells (blue)
and electrolyzer (red), in order to reduce the cycling of these elements (Ulleberg, 2004). To
develop this strategy, is necessary to define different SOC operation points:

e SOCmax: Maximum charge status must be guaranteed to work safely. This value matches
the battery SOC at which the electrolyzer should start, because the state of charge is the
maximum allowed.

o SOCmin: Minimum state of charge must be guaranteed throughout the lifetime of the battery.
This value coincides with the start conditions of fuel cells.

> SOCelemin, SOCfcmax: SOC value which indicates the stop condition of electrolyzer and
fuel cells respectively.

o SOCH2: Minimum SOC value which indicates the stop condition for the hydrogen recharge
from high pressure tanks to metal hydrides tanks. This value is necessary because the load
process absorbs energy, so will affect to the remaining energy of the system in situations
of low SOC value.

> SOClow: Minimum battery state of charge. The grid will supply demand and the fuel cell
will be disconnected in order to save energy from battery.

A scheme of the proposed SOC hysteresis band strategy is shown in Fig. 2.

2. Fixed power operation point for fuel cell depending on the hydrogen stock. This condition will
improve the lifetime of fuel cell (Janssen et al., 2009; Mohammed Jourdan et al., 2014), despite
increasing the hydrogen consumption and the battery operation time.

3. All hydrogen produced depends on the overall performance of generation, given by the product
of the performance of the primary generators (solar and wind), and the electrolyzer. Solar
performance is very low, so it is necessary to work with the best electrolyzer performance as
possible. In order to get this target, minimum power point for electrolyzer is necessary, in order
to guarantee the highest performance operation conditions. To assure it, in case the excess of
energy is not enough to reach the minimum power to start the electrolyzer, batteries will supply
the necessary energy to reach it.

4. Use of batteries bank as main element of the hybrid system because of its capacity for rapid
response to transients. This condition will improve the use of batteries respect the rest of elements,
which are more expensive and more vulnerable to transients.

5. DOD of batteries bank must to guarantee an optimal technical and economical solution, providing
the best configuration taking into account the operation and maintenance costs of the different
elements, and the influence that DOD has in its operation conditions.

3.2. Hydrogen Management Strategy

Fuel cells require around 14 slpm of hydrogen/kW, and this required flow must be provided by
hydrogen tanks to hold the fuel cell operating point. Then, the discharge flow of metal hydrides
tanks will determine the maximum possible power supplied by the FC. The purpose of the hydrogen
management strategy is to determine the priority of charge/discharge of metal hydrides tanks, in
order to give the best solution.

The charge of metal hydrides tanks will be make through a high pressure tank, whose function
is create a reserve of hydrogen between electrolyzer and metal hydrides tanks, in order to guarantee
a constant hydrogen input flow towards the fuel cell system. This process needs extra energy, so it
will happen only under SOC>SOC,, condition. On the other hand, the discharge of metal hydrides
tanks also needs energy, so it is necessary to take into account that this process will occur in deficit
energy situations, aggravating the consumption problem.
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Figure 2. SOC operation conditions
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The optimal solution is one that prioritizes the use of equipment with greater capacity of charge/
discharge. The use of this type of solution ensures bigger stock and consequently higher hydrogen
output flow, and therefore greater response of fuel cell power generation. The extra energy consumption
during metal hydride tanks charging will not be a problem, because this situation only happens in case
of energy excess. In the same way, the extra energy consumption in discharging situations should be
provided with the extra power that the fuel cells have to produce.

3.3. Proposed Energy Management Strategy

The system operation can be formulated as follows: PV and WT will supply the load as much as
possible. In energy deficit conditions, batteries and subsequently fuel cell, will supply the necessary
energy, according to hysteresis operation mode and hydrogen stock. The grid will act when not all
the resources of the system are enough to guarantee the demand, keeping the battery SOC over the
lower established limit.

On the other hand, in energy excess conditions, batteries and subsequently electrolyzer will
absorb the excess of energy, based on hysteresis operation mode and hydrogen stock. The grid could
be considered as extraordinary load when the excess of energy is higher than the system capability
to absorb energy. The flowcharts, which represent the described strategy for discharge and charge
operation modes are presented in Figures 3 and 4 respectively.
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Figure 3. Flux diagram for discharge operation mode
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Figure 4. Flux diagram for charge operation mode
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The hydrogen load-download process will occur under electrolyzer and fuel cell operation
respectively. The hydrogen will be extracted from metal hydride tanks until they reach their minimum
value.

The number of hydrogen tanks downloading in parallel will depend on fuel cell requirements.

On the other hand, the metal hydride tanks will absorb hydrogen while they do not reach their
maximum value, and the battery SOC is over the SOCH, limit previously established.

The priority to load and download the different hydrogen tanks was presented previously. The
flowcharts which represent the described hydrogen download-load operations are presented in Figure 5.

The proposed energy management strategy has been developed and tested in Matlab/Simulink
environment simulator. This simulator is described in the next section.

4. SIMULATOR
The developed simulator described in this section tries to solve the integration of all components of

the proposal hybrid system, as well as the implementation management strategies. A general view
of the simulator is shown in Fig 6.

Figure 5. Flowcharts for hydrogen download-load operation
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The target of this simulator is to test the system in order to get the pros and cons of the different
management strategies and fuel cell configurations, in order to get the optimal solution. To do this,
the simulator calculates lifetime and power points of each element, and finally, develops different
energy management strategies based on power balance, SOC and hydrogen stock.

The simulator is based on power parameters of each element, and uses empirical weather
conditions (solar radiation and wind speed), measured by sensors used by TEP-92 researcher group.
In the same way, the time step used is less than one second, in order to test the dynamic response of
different elements.

Next, models used by the simulator to represent each element are described below.

4.1. Solar Panels

A photovoltaic panel is composed of the union in series and parallel photovoltaic cells. The model used
for solar panels is based on linear approximation between solar radiation energy and the maximum
power production (3), taken into account MPPT control laws and the effect of temperature in solar
production (2).

P, (GT) =P, . (GIG ) @)
PP\"nlu,t (T) = (G*’?PV) *(1+ KTP (7: 53 25 OC)) (3)
where:

G: Solar radiation (W/m?

G .- Solar radiation in STC conditions (W/m?)
ovmar P py- Maximum / instant power (W)

1,,- Module efficiency (%)

K, Power temperature coefficient (%/K)

T': Solar Cell temperature (°C)

4.2. Wind Turbines

A wind turbine is an aerodynamic machine which converts the kinetic energy from the air, to electrical
energy, throw aerodynamic load and an electrical generator. The model used in this case is based in
power curve of wind turbines, presented below:

0;vsv, (4)
Cp(1/2)pAv3; v,<v<v, 5
P,v,svsv, (6)
0;v <, @)
where:

v: Wind speed (m/s)

v : Start speed (m/s)

v : nominal design speed (m/s)

v,: Stop speed (m/s)

P Rated power of the wind turbine (W)
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A: rotor area (m?)
CV: Belt coefficient
p: Air density (kg/ m?)

4.3. Fuel Cells

A fuel cell is an electrochemical device in which electrical energy is produced through oxidation and
reduction of hydrogen and oxygen in the anode and cathode respectively, according to the following
reactions:

Anode: 2H, — 4H" + 4e (8)
Cathode: O, + 4e" + 4H* — 2H,0 9)

In this case, the model is based in a transfer function of first order, trying to model the fuel cell
in ohmic operation region, and neglecting any transient effect. This can be a good approximation,
because the fuel cell will operate always in fix power point inside this region (Osman Haruni et al.,
2013), presenting a linear relationship between current and power.

In the same way, hydrogen consumption will obey a linear dependence with current, following
Faraday’s Law.

m,, = (I-H/(zF) (10)
where:

m,,: Hydrogen consumption (mol/s)
I: Current (A)

t: Time (s)

z: N° electrons in the reaction

F: Faraday constant (96485 C/mol)

Finally, the effects of cycling and operation time losses have been taken account to calculate the
output power along lifetime. These parameters have been taken from technical datasheet.

4.4. Electrolyzer

An alkaline electrolyzer is a device capable of splitting water into hydrogen and oxygen through the
passage of a DC electric current between two separate electrodes. The reactions occurring at the
anode and cathode are presented below:

Anode: 20H aq — 1/0, g + H,O + 2e (11)
Cathode: H,O + 2e- — 1/2H, +2 OH aq (12)

The model used to determine the hydrogen production, is based in Faraday’s Law (10); different
auxiliary loads have been taken into account in order to reduce the electrolysis power.

4.5. Batteries

A lead-acid battery is an electrochemical device, with the ability to transform electrical energy into
chemical energy during charging process, and vice versa, during the discharching process.

10
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In the case of lead-acid battery, the reactions taking place inside are:
An: Pb + SO,? «— PbSO, + 2¢ (13)
Ca: PbO,+S0,*+4H"+2e <—PbSO,+2H,0 (14)

The model of the battery is represented by the equation which allow calculate the SOC. To get
it, it has been assumed that the battery voltage is constant, so the current can be calculated like the
relationship between the battery power and its nominal voltage. This can be a good approximation
in case battery operates in nominal area, where voltage is fix respect to the current.

SOC(f) = SOC(t-1)+(i(HAVQ (1)) (15)

nom

4.6. Hydrogen Tanks

The hydrogen storage units through metal hydride base their operation on reversible covalent bonds
between the metal (M) and hydrogen (H,), over pressure and temperature conditions.
Charge/discharge reactions in metal hydrides are defined below:

Load: M + nH, - MH, + heat (16)
Unload: MH, + heat — M + nH, (17)

The model of hydrogen tanks is represented by a variable load, which models the thermal energy
needed to produce the reactions.

4.7. Economic Analysis

The economic analysis is based on operation and maintenance costs (CO&M) associated with fuel
cell, electrolyzer and battery operation. In order to calculate the total CO&M, it has been assumed
different operation and maintenance costs per hour for fuel cell and electrolyzer.

In the same way, the remaining life of battery and fuel cell has been calculated, in order to
attribute a partial cost of the current use of these elements. To do this, a model presented in (Layadi,
Champenois, Mostefai, & Abbes, 2015) has been used to determine the remaining life of the battery
depending of DOD operation conditions. The remaining life of fuel cell has been calculated depending
of current degradation and the maximum degradation recommended in technical datasheet.

The results of the economic analysis allow us to compare different energy management strategies,
and also different operation parameters.

5. SIMULATION RESULTS

In this section two different simulations are presented in order to study the effect of different energy
management strategies and fuel cell configurations on the overall system performance. The simulations
will be made with different hybrid system parameters. The first simulation made with higher values
of generation and demand in order to demonstrate clearly the influence of the energy management
strategies over the system response. In basis on the optimal energy management strategy obtained,
the second simulation is going to demonstrate the best fuel cell configuration (modular o single stack)
to obtain the highest system performance.

1"
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5.1. Energy Management Strategy

In this section, results from different simulations of different energy management strategies on the
proposal system are presented.

Simulations have been realized under the same weather and load conditions during one year,
keeping the hybrid system topology. In this case, it will be used a modular fuel cell topology. The
hybrid system parameters used in all simulations are shown in Table 1.

The energy management strategy described in Section 3 (A) has been tested with the developed
simulator. In order to guarantee the benefits, it have been simulated three other energy management
strategies which have been selected from the scientific literature, which represent strategies which don’t
take into account the criteria of minimum power to the electrolyzer (B) (Karami et al., 2014),(Dash
& Bajpai, 2015); hysteresis band in the battery management (C) (Changrong & Jih-Sheng, 2007),
(Dursun & Kilic, 2012); and finally, a strategy which only take into account the power balance (D)
(Ahmed, 2012),(Sunet al., 2009). Additionally, these strategies (A, B, C, and D) have been simulated
for different SOC cases (I and II) in order to realize a sensitive analysis with all the parameters. A
brief of strategies specifications is shown in Table 2.

In order to compare the benefits of the different strategies, there have been analysed the operating
parameters of the principal vulnerable elements: fuel cell and electrolyzer start/stop cycles, operation
time, and also battery cycles. In addition, an energy analysis has been also made in order to explain
the relationship between life-energy parameters, and strategies used at each simulation.

Finally, a sensitive analysis has been development based on the hysteresis bandwidth. This study
pretends to demonstrate the effect of different SOC cases over the system response. The simulation
results are presented in Figures 6-7 and Table 3.

Table 1. Hybrid system parameters

Element Parameters Weather conditions
PV 16.2kW G, =750 Wm?
WT 6.8 kW Wind Speed mean=3.75 m/s
FC 9.2Kw/Loss 0.1 V Localization parameters
BAT 400V, 100 Ah, Latitude=37°
SOC,, =85%
ELEC 1 11 kW Installation param.
ELEC2 5 kW Mounting solar angle 35°
LOAD LS kW Simulation time
HM 13 Nm® 365 days
& 2.5/1.5 NmYh
HPT 1 Nm*
Element Cost Parameters
BAT C0=7650 €
FC C0=8000 €: CO&M=0.6 €/h
ELEC C0=75000 €: CO&M=0.1 €/h
GRID CIN=0.136 €/kWh - COUT=-0.0274 €/kWh
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Case SOC,_. SOC, . SOC,,.. SOC,,,
I 95 90 80 75
II 95 90 70 65
Strategy Param.
A Hyst and Pmin G Pmin
B Hyst D None

5.2. Fuel Cell Configuration

In this section, results from different simulations for different fuel cell configurations on the proposal
system are presented. For this simulations it has been used the strategy A and medium hysteresis
values (Table 4), which represent the optimal energy management strategy respect the other strategies
studied (please, see Table 3 and Discussion section).

The experimental study carried out is based on a FC system built around the air-cooled 80-cells
PE stack model FCgen-1200ACS from Ballard whose system is developed in (Francisca Segura &
Andjar, 2015). As it has been demonstrated in (Francisca Segura & Andujar, 2015) even when a stack
is new, that is, without having been used, it is very common that its performance does not meet the
expected theoretical behaviour. Then the power curve used for simulation is based on experimental

data obtained from laboratory (Fig. 7).

Figure 7. Fuel cell power curve for 3.4 kW (experimental) and 6.8 kW (estimated) stack
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Table 3. Energy/life parameters results

Case Eout Ein Ebat Efc/Loss Eelec CYCUTfe CYC/Telec CYC Co&M H2
(kW/h) (kWh) | (kW) (kW/h) (kW/h) (h) (h) bat €) (Nmr')
A | 1187060 | 43638 | 111733 | 44320058 | 227770 | 180v19339 | 128/68294 | 142 | 178820 | 284.32
B | 1188435 22324 884.99 450.38/0.44 1409.08 192/197.08 110/619.08 113 1136.84 177.76
' C | 1168091 416.00 1079.04 | 43624/10.16 | 2104.36 | 3208/195.01 1818/680.34 92 23230.2 265478
D | 1168736 | 412.63 1048.86 | 43551/10.21 20%4.57 3225/194.72 228/800.33 92 4167.89 264.24
A | 1223827 | 29551 1261.08 370.44/0.45 1479.54 154/162.26 104/493.43 114 152502 186.66
B | 1223407 | 24307 121379 370.85/0.43 1435.07 159/162.19 99/651.11 113 1471.37 181.05
" C | 1212806 | 275.66 1211.89 368.15/6.89 1515.28 | 2511/163.25 1244/468.13 71 15969.67 193.18
D | 1213215 27281 1193.62 365.88/6.79 1508.71 2475/163.03 175/565.26 71 314125 190.34
Table 4. Hybrid system parameters
Simulation time: 1 year
Element Resource BAT SOC (%)
PV SkW SOCmax 95
WT 2kW SOCelemin 90
Metal Hydride 13 Nm? SOCfcmax 15
ELEC 5 kW, 1 Nm* SOCmin 70
BAT 400 V, 100 Ah SOCH2 85
Equipment cost Units
FC O&M cost 0.6 €/h
ELEC O&M cost 0.1 €h
Input energy Cost 0.136 €/kWh
Output energy Cost -0.0274 €/kWh
FC Cost 8000 € (3.4 kW)
16000 € (6.8 kW)
ELEC Cost 75000 €
BAT Cost 7650 €
Equipment degradation Units
Runtime FC losses 12 pVicell/h
Start/stop FC losses 30 pVicell/cye
Estimated FC lifetime (max 100 mV/cell
degradation)
Estimated ELEC lifetime 5000 cycles

Moreover, an estimated power curve will be developed for a 6.8 kW stack from the previous
power curve (Fig. 4). In order to calculate it, a lineal relation between the number of cells and the
power supply is assumed. This consideration can be accepted because the same type of cells is used.

Additionally, an estimated curve of the stack efficiency is presented (Fig. 8). The curve is obtained
in basis on the chemical energy contained in hydrogen consumed.

14
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Figure 8. Fuel cell efficiency
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The stack efficiency calculated from the ratio between the input power and the power available
at the output of the stack. The input power corresponds with the hydrogen heating power, which is
the product among the hydrogen consumption (kg), the Lower Heating Value (LHV) which is 120
MJ/kg, the current (I) and the number of cells (n).

Otherwise, the available output power is the product among voltage (V), current (/) and number
of cells (n), (Eq. 18).

Effic= P /P, = (H,  *LHV*I*n)/(V¥I*n) (18)

It is worth noting from Fig. 5 that higher fuel cell efficiency is achieved at low currents (around
65%) and it decreases when current increases to half (30%).

The hybrid system parameters used in these simulations are based on the proposed energy
management strategy. For this simulation, different costs and degradation parameters have been
obtained from commercial datasheets. These parameters are shown in the Table 4.

To study the system cost and lifetime, two possible fuel cell configurations are going to be
analysed:

Configuration Modular: a modular fuel cell system with 6.8 kW rate power made up by two 3.4
kW stacks working at 2 kW every stack.

Configuration Single: a fuel cell system made up by a single 6.8 kW stack working at 4 kW.

The purpose of the analysed configurations is to compare the use of a modular fuel cell system
with respect a fuel cell built from a high power single stack regarding different operating situations.

The optimal configuration will show the best results attending to technical and economic criteria.
The results obtained from simulation are shown in Table 5.

15
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Table 5. Energy/life parameters results

Efc (kW/h)
Fuel Cell Ein Eout Ebat ——— Eelec CYC/Tfe CYC/Telec | CYC | CO&M H2
Configuration | (kW/h) | (kW/h) | (kW/h) | Loss mW/l [ (kW/h) (h) (h) bat (5} (Nnr')
cell)
Modular 960.04 | 2547.64 | 2600.72 187.42 1282.13 /7236 136/843.24 130 3092.80 | 158.96
— 35/21.36
586.89 (FC1)
308.11 (FC2)
Single 950.22 | 2602.21 2615.8 188.09 128699 | 56/47.02 137/846.15 137 325698 | 159.56
460

6. DISCUSSION

6.1. Energy Management Strategy

According to results shown in Table 3, the use of hysteresis strategy will help to reduce the number
of start/stop cycles of fuel cell and electrolyzer, reducing degradation and power losses, resulting in
cost reduction.

A minimum power operation point for electrolyzer will result in getting higher hydrogen
production in less operation time. This condition also produces a higher use of backup energy,
reducing the energy stock, so this results in a mayor energy deficit. The energy input from grid will
be higher in these conditions.

In the same way, the energy output to grid decreases, because it is used more energy for electrolysis
production. All parameters are shown in Table 3 cases A-B and C-D.

Strategies which use higher DOD for batteries bank operation conditions, will produce a mayor
use of it. These strategies can reduce the number of start/stop cycles of fuel cell, reducing hydrogen
consumption. This situation also results in more excess of energy, because the required energy for
electrolysis decreases in the same way that the hydrogen stock increases. The cost will be reduced,
because the fuel cell and electrolyzer lifetime will be increased.

On the other hand, the use of lower DOD, will produce a minor use of the batteries bank. These
strategies will increase the use of fuel cell, and the use of electrolyzers, in order to generate enough
hydrogen. In the same way, the energy deficit will increase, and it is necessary introduce more energy
from the grid. The cost of this strategy will increase because of CO&M for fuel cell and electrolyzer.
The battery life is higher than the last configuration.

Because all previously explained, medium DOD strategies will improve the system, and also
reduce the overall cost. This DOD also coincides with recommended operation values for lead-acid
batteries.

A sensitive analysis based on hysteresis bandwidth is presented in Figures 9-10.

The effect of increase or reduce the hysteresis bandwidth evidences some effects on energy and
cost parameters.

Regarding Fig. 9, the use of higher SOCelemin will determine a higher backup energy in
batteries because the electrolyzer operation will finish earlier than other configurations, so the grid
input energy will be reduced and the energy excess will be increased. In the same way, the use of
electrolyzer will be decreased, provoking a minor hydrogen stock. On the other hand, the start/stop
cycles will be increased, so it will produce extra deterioration and higher operation and maintenance
cost for the electrolyzer.

Finally, the effects over fuel cell will be determined because of the reduction of hydrogen stock.
The fuel cell will suffer a little underproduction.

The use of lower SOCelemin will provoke higher use of batteries and electrolyzer because the
operation time is longer than other configurations. The hydrogen stock will be increased, so the
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fuel cell can operate more time. In the same way, and the output energy decreases due to the extra
utilization of electrolyzer. On the other hand, according to Fig. 10 the use of higher SOCfcmax, will
determine a higher use of the fuel cell and associated extra deterioration due to run time.

Increasing the SOCfcmax, also produces a higher backup energy in batteries, because the fuel
cell will turn off after than other SOC values, charging them. This effect results in a higher capacity
to produce hydrogen by electrolysis. The use of electrolyzer will be increased, and also the hydrogen
production. The extra energy will decrease, because it is necessary to generate more hydrogen to
assure the higher use of fuel cells.

Low values of SOCfcmax will increase the number of start/stop cycles, so it also will increase
the fuel cell degradation and overall cost.

The use of medium SOCfcmax will reduce the overall cost because of the reduction of extra
deterioration and operation and maintenance cost of the fuel cell. This justifies the medium SOC
values chosen during simulations for fuel cell configuration (Table 4).

In basis on these results, authors can conclude that the optimal SOC selection has influence over
technical and economic aspects like operation time, lifetime, number of start/stop cycles and cost.

6.2. Fuel Cell Configuration

According to results shown Table 5, in both configurations the fuel cell operates at similar power
levels so the fuel cell achieves similar efficiency values is similar (please see Fig. 7 and 8).

In Configuration Single, the limit of hysteresis is reached quickly by high power operation, so
there is an increase of the number battery cycles (5%), therefore, the deterioration is increased.

From Configuration Modular, the use of a modular fuel cell system built from two stacks
produces a more adapted response than the Configuration Single, so it allows using the hydrogen
resource property, and increasing the fuel cell operation time, increasing also runtime degradation
respect the second case.

Despite the higher utilization and degradation showing in Configuration Modular, the relationship
between degradation vs fuel cell cost is still lower than in Configuration Single (3082.80 € vs 3256.98
€). Thanks to this, the Configuration Modular shows a better economical response with the same
overall system performance, presenting an annual cost reduction of 5% respect to Configuration Single.

Moreover, this use of a modular fuel cell system built from two stacks, is a more suitable
configuration because in case of failure of a stack, there is available another one (in this case where
there are used two stacks), in case of having a problem such as an excessive deterioration of breakable
of any of the cells which form the stack.

The utilization of modular fuel cell system join to an energy strategy based on battery hysteresis
band and minimum power operation point condition for electrolyzer presents the most viable solution
from technical and economical point of view.

7. CONCLUSION

Energy management strategies are necessary to operate a hybrid system based on renewable energy
sources fulfilling all the technical and economic targets. In order to improve the performance of the
hybrid system, a new energy management strategy has been described and tested with a developed
simulator presented in this paper.

According to results, the strategy based on battery hysteresis band will improve the lifetime of
the fuel cell and electrolyzer, reducing their operation and maintenance costs. The study of different
hysteresis bandwidths reveals the importance of this parameter, in order to improve the system
response. In the same way, the use of minimum power operation point condition for electrolyzer will
increase the hydrogen stock, but it also will increase the energy deficit inside the system.
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Figure 9. SOCelemin analysis for first load profile
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Figure 10. SOCfcmax analysis for first load profile
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The use of strategies based on medium DOD will reduce the utilization of fuel cell, so it will
avoid an extra degradation of it. In the same way, it will improve the battery lifetime respect other
strategies. The overall cost will be reduced by the optimal use of it.

The features of the proposed energy management strategy have been compared with other
strategies and authors notice the need to include extra analysis to get the optimal SOC values for
operation based on hysteresis bandwidth. The use of medium values for hysteresis bandwidth
demonstrates an optimal configuration from a technical and economic point of view.

Finally, the use of a modular fuel cell system built from several stacks demonstrates to be the
best option from a technical and economic point of view. This configuration allows safer operation
mode and assumable operation deterioration, reducing the system operation cost.

To conclude, the importance of choosing an optimal energy management strategy as well as the
fuel cell configuration have influence over critical technical and economic aspects like operation
time, lifetime, number of start/stop cycles and cost.
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