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ABSTRACT

This thesis addresses the urgent need for emission-free construction sites in the Netherlands, driven by a tight
housing market and stringent NOx emissions restrictions. It explores the potential of a semi off-grid Fuel Cell
Power Bank (FCPB) combination as a viable solution. The design and management of a hydrogen-supported and
congested DC-microgrid (DCMG) that connects the FCPB elements is associated with multiple challenges. This
thesis investigates safe DCMG design, fuel cell (degradation) characteristics and Energy Management Systems
(EMS), consequently developing an integrated EMS solution for the rapid implementation of emission-free
construction sites.

The research proposes a Mixed Logical Dynamical (MLD) framework within a hierarchical Optimal Power
Flow (OPF) scheduling algorithm. This approach ensures health-aware fuel cell operation and load fulfillment
without compromising computational efficiency. A year-long simulation of the semi off-grid construction site
underscores the robustness of the proposed model, achieving a 13 % improvement in system economy over the
benchmark. Additionally, the proposed algorithm demonstrates a 96 % reduction in computational effort com-
pared to conventional Model Predictive Control (MPC) and extends the fuel cell lifetime by 32 % through the
incorporation of degradation characteristics. Furthermore, the analysis emphasises the importance of adequate
load forecasting in future research.
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NOMENCLATURE

EMS

STB

Alternating Current Optimal Power Flow

Alkaline Fuel Cell

Battery Energy Storage System
Bipolar Plate
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Dynamic Programming
Electro-Chemical Surface Area
Economic Dispatch

Economic Model Predictive Control
Energy Management System
End of Life
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Key Performance Indicator
Lithium Iron Phosphate
Lower/Higher Heating Value
Lithium-ion Battery

Low, Medium or High Power

Mixed-Integer Linear/Quadratic Programming

Mixed Logical Dynamical
Nitrogen Oxides

Proton Exchange Membrane Fuel Cell
Photo-Voltaic
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Standard Hydrogen Electrode
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Solid-Oxide Fuel Cell
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1 INTRODUCTION

With the rapidly increasing housing demand and decreasing building permits due to NOx emissions, the need
for emission-free building sites arises. A semi off-grid battery and fuel cell combination or in short the FCPB
(Fuel Cell Power Bank) is targeted as a promising solution for this purpose. With restricted access to grid energy
on these locations the FCPB is able to provide a continuous supply of renewable energy for charging electric
equipment. The main assets of the system are currently known and a first technical design of the DC-microgrid
(DCMG) has been made. As a next step, an optimisation of several designs aspects should be carried out and
a robust control strategy should be applied. The optimisation at hand will be addressed in this thesis where the
major focus is on guaranteeing autonomous operation.

Although the first working fuel cell was demonstrated in 1839 by Sir William Grove the commercialisation
of the technology has only been accelerated in recent years [1]. High costs related to the production of hydrogen
and low oil prices are the main contributors to this slow introduction. However, with the renewed interest in
emission free electricity generation the attention has shifted away from combustion engines, paving the way for
hydrogen technology. Another obstacle to widespread implementation are the non-competitive prices of green
hydrogen, although the future promises a reduction from 7 €/kg to 1.5 €/kg by 2050 [2]. Lastly, concerns are
raised about the decreasing lifetime of Proton Exchange Membrane Fuel Cell (PEMFC) devices under harmful
operating conditions, primarily driven by the lack of maturity [3].

The flexible FCPB platform asks for a sturdy EMS that is able to cope with the different renewable energy
profiles, asset combinations, user demands and fuel cell degradation. Other than in most economical opti-
misations, the semi off-grid property necessitates an approach that goes beyond financial gains only. Future
uncertainties should be promptly addressed to serve the load within the site that has both an energy and power
deficit. From an electrical perspective the grid isolation impacts the stability within the DCMG. Therefore, the
need for a reliable fundamental layer of safe operation arises. The goal of this thesis is to gain insights into
the aforementioned fundamentally safe operation layer, develop a robust optimisation algorithm and integrate it
with the (adapted) EMS system of Emmett Green. The outcomes of the thesis should aid a rapid implementa-
tion of the FCPB for emission-free construction sites, relieving the Dutch housing and nitrogen crises on top of
reducing the greenhouse gas emissions.

1.1 Problem statement

For the implementation of the FCPB, dedicated research into several topics related to the design is required.
Furthermore, the implications of fuel cell characteristics to its operation should be identified and robust optimi-
sation algorithms are to be investigated. When a suitable solution to these topics has been found, a thorough
analyses of the FCPB site aimed at identifying influential parameters and system sizing has to be performed.
Hence the formulation of the following research questions:

1. For the following involved assets PEMFC, LFP battery, grid connection and PV panels, what are the risks
of operation and how can they be mitigated?

2. What are the challenges related to intrinsically safe DCMG in terms of electrical safety as well as compo-
nent protection?

3. What constraints do the dynamic behaviour and the degradation characteristics of the PEMFC pose on the
control strategy?

4. What control strategies can be applied to the DCMG that provide a robust optimisation framework?

5. How to combine the robust optimisation and health-aware operation into a single integrated optimisation
algorithm?

6. What are the decisive parameters within the optimisation framework?
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7. Given the proposed EMS algorithm what is the impact of asset sizing within the FCPB system?

By answering these research questions the research topic: Optimal Energy Management for Semi Off-Grid
Systems with Health-Aware Hydrogen Asset Operation should be covered. Consequently, the FCPB project
provides a case study to confirm the adequacy of the findings.

A traditional thesis structure is applied. The first two questions are answered in the conclusions of the
corresponding chapters in the literature review in Appendix D. The parts of the literature that are relevant for
the understanding of the proposed methodology are summarised in the literature overview in Chapter 2, thereby
answering questions 3 and 4. Question 5, standing as the primary contribution of this thesis, will be discussed
in the methodology in Chapter 3. Finally, questions 6 and 7 are covered in Chapter 4.
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2 LITERATURE OVERVIEW

The complete literature review performed before the start of this thesis can be retrieved from the Appendix D.
The overview presented in this section is meant to provide background to the reader as well as highlight the
identified research gap.

2.1 PEM fuel cell characteristics

Over time many concepts of fuel cells have evolved among which Alkaline (AFC), Solid-Oxide (SOFC) and
Proton Exchange Membrane (PEMFC) are most noticeable. All technologies differ in operating conditions due
to the used electrolyte rendering them useful for specific applications. PEMFCs are particularly of interest for
transport or auxiliary power purposes due to their low temperature, high efficiency and compact size [4], hence
best suited for the FCPB application.

A PEM fuel cell, being a electrochemical cell, has a lot of similarities to a LiB when it comes to the working
principle. It consist out of a positive and negative electrode separated by an ionically conductive membrane that
is an electric insulator, pushing the electrons to the external load (see Figure 1). At the anode hydrogen is
supplied which travels through the diffusion layer and reacts with the catalyst (usually platinum) in the catalyst
layer. The oxidation reaction that occurs, Ho — 2H™ + 2¢~ , splits the hydrogen molecules into protons and
electrons. The distribution plates collects the electrons while the protons diffuse through the membrane. At the
cathode side oxygen is supplied to react with the protons and electrons, %02 + 2H' + 2¢~ — H,0, forming
water and completing the electrical circuit.

Fuel Cell characteristics
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Fig. 1: Schematic overview of the PEMFC working
principle with its components [3] (reproduced with
permission of Elsevier).

Fig. 2: Voltage [5], system efficiency [5] and opti-
mised system efficiency [6] as a function of power
for a certain PEMFC (own work).

2.1.a Operational conditions

For the purpose of modeling the PEMFC it is detrimental to understand the characteristics that dictate the al-
lowed operating regime. This section will briefly cover the characteristics of PEMFCs that set it aside from
other electrochemical cells like batteries. Many of these conditions follow from the fact that a PEMFC is a com-
plex system encompassing not only the electrochemical cell but also several auxiliary systems as compressors,
pumps and humidifiers that regulate the fluid flows and temperature.

Start-stop procedure A primary obstacle to the widespread implementation of fuel cells is the prolonged
start-up and shutdown procedures. Before the chemical reaction in the cell can commence, the catalyst must be
heated to its working temperature, the electrolyte must be hydrated, and the reactant gases must be available at

Version: 3 3



T.S.Edelijn B

the correct pressure. These factors are highly system-dependent. For reference, the commercial CellKraft [7]
PEMFC has a start-up time of less than 30 seconds, which has been validated by [8]. Additionally, it should be
noted that a cold start during freezing temperatures significantly increases the staring time due to the need to
thaw the moisture within the system. The shutdown procedure follows the same steps as the startup procedure,
but in reverse order. As discussed in greater detail in Section 2.1.b, the degradation associated with the shutdown
process is crucial. Various strategies are examined by Oyarce et al. [9], concluding that, from a protection
perspective, purging the cathode side with hydrogen is most effective. However, this solution is less practical
in most applications and raises concerns about mixing hydrogen and air. Therefore, the study concludes that
rapidly consuming the oxygen with an auxiliary load is the best alternative. Using this method, the authors in
[10] investigated how to optimally implement it, achieving a shutdown time of 13.5 seconds from full power. In
conclusion, the timelines during the startup and shutdown of a PEMFC do not represent a considerable limiting
factor to the operations of the FCPB case study.

Ramp rate A second concern that is often associated with fuel cells is the inability of load tracking and fast
power ramping. The limiting factor in this case are the ancillaries that provide the air and hydrogen flows and
thermal management [11]. Rapidly increasing the current demand to the cell will result in an undershoot of
voltage due to gas starvation. On the cathode side this effect is magnified by the lower diffusivity of oxygen
compared to hydrogen [12]. Conversely, the issues of gas starvation are not present for rapidly decreasing the
load and therefore voltage overshoot is less severe. In an attempt to reduce the oxygen starvation, [11] found
that increasing the air stoichiometry is an effective approach, although incurring higher ancillary power. With
this approach the ramp rate was increased from 20% per second to 20% per 0.1 second. In conclusion, while the
observed ramp rates in PEMFCs do not pose an extensive limitation for the FCPB application, it is important to
consider potential degradation (see Section 2.1.b) when applying rapid load transients.

Efficiency In theory, assuming an ideal world, reversibility and a high air stoichiometry, a hydrogen-air fuel
cell can reach 100% maximum efficiency [13]. However, in practice, the theoretical value is not reached due
to several losses such as reaction activation loss, ohmic resistance loss, other electrical losses and purging
losses [7]. In the context of fuel cell systems, the efficiency is defined as the hydrogen input divided by the net
electricity output. To calculate the hydrogen input in kWh, the distinction between Higher Heating Value (HHV)
and Lower Heating Value (LHV) should be clear. The former applies when liquid water is the reaction product,
which is the case for low temperature PEMFCs. For high temperature PEMFC systems (operating above 120
°C), the LHV can be used if the steam is used effectively. In combined heat and power plants the output heat
can be integrated in the efficiency as well, which proves useful in extremely high-temperature SOFC systems.
In a PEMEFC the voltage efficiency intrinsically depends on the potential of the half reactions and is propor-
tional to the current density. At low current densities this does not hold due to gas permeation of the membrane
and current losses in the cell [14], as shown in the voltage vs current density plot in Figure 2. As power increases,
concentration losses play a more important role, leading to a faster decrease in voltage at high current densities
[14]. Combined with all other component efficiencies an indicative system efficiency as a function of current
density is shown in Figure 2. Larger PEMFC installations compromising several parallel stacks can widen their
high-efficiency window by individually turning on the stacks as to let them operate at their maximum efficiency
point. This effect is shown in Figure 2 and is a factor to take into account for the FCPB application as well.

2.1.b  Operational impact on degradation

Practical applications demand a focus on operational conditions rather than abstract internal behaviours, as
operational parameters are controllable. Accordingly, this section will delineate literature findings pertaining to
the correlation between operational conditions and internal degradation mechanisms.

In the context of mitigating degradation, it is preferable for the PEMFC to operate at a constant nominal current.
The authors in [14, 15] have identified various operational conditions, such as idling, high load, load fluctuation,
and start-stop cycles, as primary contributors to degradation. These conditions lead to elevated potentials, water
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flooding, dynamic states, and even higher potentials respectively. According to their research in demanding
automotive applications, dynamic loads account for 56 %, followed by 33 % for start/stop cycles, and 5 % each
for idling and high power operation.

Idling state The idling state of the PEMFC can be regarded as a standby mode, in which the FC primarily
provides power to its internal subsystems, such as the water pump, recirculation pump and control systems,
typically necessitating only 1 % of the rated power. Conversely, the air compressor may consume up to 15 % of
the power and is deactivated during stand-by mode [15]. During idling, the current demand is minimal, resulting
in a high potential and increased gas permeation through the membrane. This elevated potential induces various
chemical reactions, including the migration of metal ions and Pt dissolution at the cathode, as elucidated in
Equation (1) [14]. The cell potential during idling can reach up to 0.95 V, approaching the cathode potential since
the anode overpotential is negligible [16]. Consequently, Pt dissolution typically occurs with the intermediate
step of Pt oxide formation.

Pt dissolution: Pt —2e~ — Pt*, Ey = 1.188 V vs SHE
Pt oxide formation: Pt + H,O — 2e~ — PtO +2H*, Ey = 0.980 V vs SHE (1)
Pt oxide dissolution: PtO + 2Ht — Pt** + H,0, Ey, = 0.837 V vs SHE

The increased gas permeation is directly influenced by the lower reaction rate, pressure build-up, and subsequent
diffusion according to Fick’s law. The presence of oxygen at the anode and a favorable potential accelerates
the formation of H,0,, which reacts with metal ions such as Fe?" and Cu?*. These ions, originating from the
bipolar plates (BPs) or the production process, participate in Fenton reactions, producing several radicals [14],
along with their associated consequences. At the same time, crossover H, might react directly with O, on the
cathode in a reaction that results in local hot spots. Where the increased temperature accelerates Pt dissolution
and chemical degradation of the membrane [17]. In conclusion, prioritizing the avoidance of prolonged idling
periods is imperative.

High power In contrast to idling conditions, high-power operation is associated with decreased cell potentials,
thus mitigating many related issues. However, this heightened operational state also leads to increased reaction
rates and current density, resulting in elevated temperatures and the occurrence of flooding. Notably, temperature
has been empirically demonstrated to accelerate phenomena such as Pt particle growth, oxidation, deposition,
and radical formation within the membrane [17]. Moreover, water flooding impedes mass transport resulting in
reactant starvation and the accompanied cathode corrosion. Fortunately, the occurrence of water flooding can be
detected by monitoring pressure drop within the cell, enabling timely intervention through temporary reduction
of current demand [18]. Consequently, the extent of permanent degradation is diminished.

Dynamic loads During dynamic operation, the rise rate of current exhibits significantly faster dynamics com-
pared to that of reactant supply to the FC, leading to hydrogen, oxygen, or both being subjected to starvation.
The starvation behaviour results in a characteristic transient voltage response which over/undershoots and con-
sequently recovers in time depending on the load step [12]. Although starvation is transient, it can inflict
substantial irreversible damage to the cell. Oxygen deprivation at the cathode induces protons generating hy-
drogen instead of water, which is experimentally observed at the exhaust under air starvation conditions [14].
Consequently, adjacent to local areas experiencing air starvation, the generated hydrogen may directly react with
oxygen, creating hot spots that must be avoided. On the other hand, hydrogen deprivation manifests as either
local starvation or global starvation. The former stems from an uneven distribution of hydrogen, generating
local low-pressure zones that drive air permeation through the membrane at these sites. Thereby, reversing the
current within the cell locally, elevating cathode potential and promoting carbon corrosion at the cathode [16].
Under more severe circumstances, complete anode-side hydrogen deprivation can occur, elevating the anode
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potential from near O V to 2.5 V vs SHE [19]. This results in the anode potential exceeding that of the cathode,
causing the entire fuel cell to reverse polarity, resembling an electrolyzer. This inherently disrupts flows and
operations, with extreme potentials posing the greatest threat due to carbon corrosion on the anode side [16].

Secondly, dynamic operations induce fluctuations in temperature and water content. The degradation re-
sulting from these processes is better understandable, as both temperature and water content cycles lead to
shrinking and swelling, accompanied by associated mechanical degradation [20]. Potential cycling represents
another detrimental effect associated with dynamic loads. Pt oxide formation and dissolution (as seen in Equa-
tion (1)) are the primary contributors, with their consecutive occurrence leading to intensified dissolution, a
phenomenon known as the place-exchange mechanism [21]. Since both reactions are influenced by different
potentials, this phenomenon is not triggered under constant power conditions, but occurs during load changes,
even at low powers. Overall, the dynamic states and fluid starvation induced by load changes pose a considerable
challenge to the integrity of the PEMFC.

Start/Stop cycles Lastly, phenomena related to start-stop operation are addressed. During both start-up and
shut-down procedures, the transient presence of air at the anode is unavoidable, leading to carbon corrosion
similar to the hydrogen starvation process. Electrochemical corrosion of the carbon supports is governed by the
reactions presented in Equation (2). Although relatively low equilibrium potentials accompany this reaction,
research indicates that corrosion begins at potentials exceeding 1 V [16]. Additionally, [22] found that the
lack of current density uniformity in the cell during start-up results in areas more susceptible to degradation.
Moreover, in subzero temperatures, the freezing of water induces increased mechanical stresses on the cell,
which should be mitigated [14].

{Carbon corrosion: C +2H,0 —4e~ — COy +4H", FEy=0.21V vs SHE 2)

C+ HO—2e~ — CO+2HT, Ey=0.52V vs SHE

A comprehensive summary of all mechanisms discussed in this section is presented in Figure 3. The avoidance
of all conditions outlined undeniably constrains the practical application of the PEMFC to a vast extent, a goal
not pursued within this section. Nonetheless, these acceleration effects require consideration in formulating a
successful implementation strategy for the PEMFC. Idling, high-power, and start-stop cycles present concrete
conditions that can be avoided. In dynamic operational scenarios however, complexities arise, as the decision-
making process incorporates the ramp rate, or speed of upscaling. Slowing the ramp rate mitigates issues related
to starvation and dynamic water management, while temperature fluctuations are minimised through effective
cooling strategies. Alternatively, preemptively increasing reactant supply to anticipate load changes can enhance
ramp rate capability, without inducing gas starvation, from 2 % per 0.1 s to 50 % per 0.1 s [11]. Nevertheless,
potential cycling (and the place-exchange mechanism) remains an inherent challenge irrespective of ramp rate
and cycling frequency [14].

2.1.c  Quantification of degradation

Numerous studies have experimentally demonstrated that degradation within PEMFC can be quantified in terms
of voltage loss, per unit time or per specific event. For example, [23] compiled a comprehensive list of the
degradation mechanisms, along with their corresponding voltage loss rates per hour. Notably, flooding, excess
heat, and ice formation were identified as particularly detrimental factors. In a more practical approach, [24]
assigned empirical voltage decay rates to each operational condition. By establishing this direct correlation,
the study linked operational conditions to operational costs, thereby offering on average reasonably accurate
lifetime predictions. Expanding upon this earlier model, [25] incorporated additional factors such as the accel-
eration effects of temperature and relative humidity, along with a form of natural degradation, in an effort to
capture a more physical behaviour. Especially, the inclusion of load change degradation dependent on the ramp
rate appears advantageous, considering the starvation phenomena discussed in Section 2.1.b. Additionally, the
extension to power-dependent degradation as shown in Figure 4 overcomes the problem of not triggering one of
the discrete degradation states. An alternative approach was proposed by [26], wherein a model was constructed
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Table 1: An overview of experimental degradation quantification.

Low power High power Start-stop Load change

State (wV/hr) (wV/hr) (uV/eycle)  (uV/cycle)
[24] 8.662 10.00 13.79 0.4185
[27] 8.820 10.29 13.72 0.4151

to account for steady ECSA loss based on electrochemical dissolution, as well as transient ECSA loss based on
empirical data. Both steady-state and transient contributions from the operational profile influence ECSA loss,
with findings indicating that a 75 % reduction in ECSA correlates with a 35 % decline in power output at end
of life.

These studies present similar numbers for degradation rates as summarised in Table 1; a single start/stop
cycle causes about 14 1V /cycle or 0.002 % of degradation equalling approximately 35 load change cycles.
Idling and high power operation contributions are in a similar order of magnitude between 8 and 10 £V /hr
[24, 25, 27]. The costs of degradation can be extrapolated out of the voltage loss when a certain end of life
(EoL) criterion, usually 10 % or 0.07 V [25], has been set and the CAPEX is known.
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Fig. 4: Extension to a continuous degradation spectrum in PEM fuel cells [25] (reproduced under the terms of
the Creative Commons license CC BY-NC-ND).

In conclusion, this section has identified the key characteristics governing fuel cell operations, highlighting
the non-linear conditions that must be considered by the optimisation algorithm. The subsequent section will
provide an in-depth examination of the literature related to optimal control of these hydrogen-based energy
grids.
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2.2 Microgrid control strategies

Achieving economical optimisation for the non-linear characteristics previously highlighted, necessitates em-
ploying intricate methodologies. Moreover, the decision-making process relies on system-level data inaccessi-
ble through direct decentralised means, hence making the optimisation impractical to perform frequently. This
real-time control is outside the scope of the optimisation algorithm, although briefly addressed in the literature
review in Appendix D. Consequently, this section will highlight methodologies designed to address high-level
economical system optimisation, alongside the requisite solving routines.

2.2.a  Energy management methodologies

Optimisation formulation Traditionally, Economic Dispatch (ED) has served as the method for determining
power set points within grids consisting of multiple generators and loads regardless of the transmission network,
with a focus on minimizing overall system costs. Conversely, the fundamental Power Flow (PF) problem ad-
dresses the division of power flows within a meshed transmission network at a given moment, independent of
power generation specifics and lacking optimisation considerations. Optimal Power Flow (OPF) emerged as a
means to combine both approaches, aiming to achieve comprehensive optimisation for power system manage-
ment. This undertaking involves tackling a highly nonlinear problem, offering flexibility for single or multiple
objectives such as minimizing losses, maximizing profits, reducing interruptions, or extending equipment lifes-
pan [28].

The comprehensive formulation of OPF, known as AC-OPF, encompasses the entire set of electrical system
equations without approximations or assumptions. Constraints imposed on the optimisation reflect the unique
characteristics of the system at hand, encompassing inequality constraints, binary constraints, and stochastic
variables, significantly impacting solving methodologies. Given the intricacies involved, numerous studies have
proposed simplifications through assumptions or by disregarding certain effects to tailor the problem to specific
scenarios [29]. One notable simplification is the DC-OPF, which, despite its name, doesn’t exclusively handle
DC flows but rather eliminates reactive power flow. This simplification arises from the following assumptions:
power cable resistance is neglected, constant voltage at all nodes, and the voltage angle is very small [30].
Although the DC-OPF offers computational advantages due to its linear nature, it comes at the expense of power
loss information. Alternatively, a linearization method for AC-OPF, proposed in [31], preserves power loss
considerations and voltage information, as can be seen in Figure 5. The study observed that the computational
times for DC-OPF, linear AC-OPF, and full AC-OPF were 0.4, 4.1, and 30.3 seconds respectively, for calculating
optimal flows over a day in a given system.
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Fig. 5: Comparison of the performance of OPF formulations [31] (reproduced under the terms of the Creative
Commons license CC BY 4.0).

Real-time energy management As discussed in the preceding section, the computational demands asso-
ciated with intricate optimisation techniques present an obstacle to their real-time application in the control
of microgrids. Additionally, the inherent uncertainties within forecasts of renewable energy sources and
load demand necessitate real-time adjustments to the anticipated optimal conditions. These factors underline
the significance of collaborative efforts between the local controller (as discussed in Appendix D) and the
EMS algorithm. As previously noted, the EMS optimisation computes economically optimal set-points for a
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designated time frame, subsequently implemented by the autonomous local controller on a ms timescale.
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Fig. 6: Concept of a real-time MPC control structure [32] (copyright © 2017, IEEE).

An alternative approach to reconciling daily optimal control with local control is through Model Predictive
Control (MPC), as also appeared in Section 2.2.b and Table 2. The MPC methodology involves a multi-time
optimisation function characterised by a specified prediction horizon and control horizon. The fundamental
concept entails incorporating system information spanning the prediction horizon into the optimisation process
to derive optimal set-points. Consequently, how to arrive at the set-points, given the current system state, is
optimally calculated within the control horizon. Notably, the controller applies solely the initial control action
while disregarding future actions. Subsequently, in the second time step, the horizon regresses by one step, and
the algorithm iterates, as illustrated schematically in Figure 6. This approach offers several advantages, includ-
ing the multi-time integration of information, which proves highly advantageous in microgrid scheduling, while
concurrently accommodating constant corrections for uncertain conditions. Moreover, within the optimisation
step, there exists flexibility in defining a suitable objective function, as explored by [33], who included the OPF
formulation within a MPC framework. However, a notable drawback lies in the predictive aspect, necessitat-
ing intricate insight into the system’s dynamic behaviour. Furthermore, the methodology is computationally
intensive, requiring a multi-time optimisation calculation at each time-step.

2.2.b Health aware fuel cell control strategies

The models in the previous Section describe the loss as a function of the input conditions. However, for the
purpose of health-aware operations more sophisticated models are required with the possibility to find the most
optimal deployment strategy. This section aims to shed light on the modeling approaches taken in literature to
optimally schedule FC operation including lifetime consideration. Thereby, focussing on scheduling methods
that include hydrogen technologies and its associated behaviour. The fundamental characteristics of PEM fuel
cells and electrolyzers described by their minimum and maximum powers, and maximum allowed ramp rate are
covered by all efforts. However, when looking more specifically into efficiency or the inclusion of degradation,
many differences arise.

A proper example describing the different scheduling techniques is given in [34] comparing the potential
of Economic Dispatch (ED) and Economic Model Predictive Control (EMPC) strategies. Both methods pose
an optimisation problem where the latter is more sophisticated by solving the problem at any time step given a
predetermined prediction horizon. The problem is consequently solved by either Dynamic Programming (DP)
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or Mixed-Integer Linear Programming (MILP). The study concludes that solving the ED problem by DP is
too computationally expansive while DP is preferred over MILP in terms of accuracy when solving the MPC
problem. Since both solving routines require linear equations and constraints the non-linear effects of efficiency
are hardly taken into account. [35] addresses the problem of non-linear plant dynamics, especially FC efficiency,
by executing the non-linear equations outside the MPC loop, hence taking them constant in the optimisation.

In an effort to further develop the performance of the scheduling effort [36, 37] propose multi faceted MPC
algorithms. The purpose is to separate the slow acting assets as the FC from the rapid acting assets as an BESS,
for the sake of computational efficiency. Both models also include binary variables that determine the on/off
state as to reduce the amount of start/stop cycles. Extending this binary variable principle, [38] introduces
Mixed Logic Dynamic (MLD) for start/stop states and degradation state. The MLD framework allows for the
introduction of the state variables which in turn is better suited for including certain degradation costs. The
study suggests a MIQP solving routine since it was found that it is better able to reduce degradation compared
to a MILP solver. Expanding on the MLD framework, [39] adds cold and warm intermediate states between
on/off/standby for a more accurate representation of the timeline in the start-up process. Consequently costs are
added to the state changes, however without taking into account how fast it changes. In a later study [40], the
same authors go back to a three state system to alleviate the complexity and focus on a double MPC to better
describe the fast acting assets.

Lastly, it is observed that the primary objective of these studies is to address the optimisation problem
considering one or multiple days, often without regard for computational efficiency. However, to effectively
assess algorithm performance or to evaluate a business case, a simulation period including seasonal effects is
more appropriate, expanding the importance of computational effectiveness. The studies summarised in Table
2 report computational times ranging from 40 [39] to 120 s/day [37]. A significant contribution to the literature
would be to reduce the computational effort, thereby enabling a wider range of applications.

Table 2: Overview of studies addressing hydrogen technologies in scheduling efforts focusing on degradation.

Model Approach Degradation Characteristics

Method Solver Efficiency S:z;t/ zifjlfge Standby f)l(:%vl:ar Si‘:'z:il::le
[34] ED vs EMPC DP vs MILP Linear X
[35] Adaptive EMPC MILP Non-Linear X
[36] Multi-stage MPC MILP Constant X X
[37] Multi-time MPC MILP Constant X X
[38] Multi-time MLD-MPC  MIQP Constant X X X
[39] MLD-MPC MILP Constant X X X X
[40] MLD Cascaded MPC MILP Constant X X X
[41] Economic dispatch MILP Linear X X X X

Hierarchical MLD-OPF MILP Multi-level x X X X X

Although, many effective efforts regarding the scheduling of hydrogen assets in microgrids have been presented
above, none of them includes sufficient degradation dynamics as discussed in the models from Section 2.1.c.
Finally, [41] does include an empirical voltage degradation model aiming to prevent start/stop cycles, high
power and fast ramping into an ED framework, however the scheduling accuracy lacks far behind the studies
mentioned before. Table 2 clearly depicts the shortcomings of the previous work in this field. The gap that
arises in this section can be described as the delicate balance between accuracy of degradation prevention in
hydrogen assets and optimal scheduling of microgrids, without losing sight of computational effectiveness. The
methodology of this research, as described in Section 3, aims to develop solutions to the literature gap identified
above and how it is exploited in this research.
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3 METHODOLOGY

The literature overview presented in the previous chapter highlights the efforts done in addressing the two main
goals of this thesis: health aware fuel cell operation and robust control of semi off-grid systems. This chapter
builds on the knowledge gained and consequently proposes multiple improvements. The chapter starts with
elaborating on the proposed fuel cell model, incorporating the necessary dynamic behaviour and degradation
prevention. Secondly, the proposed energy management system aimed at overcoming the challenges of the
congested grid is presented.

3.1 Fuel cell model

Optimising hydrogen assets in real time applications requires an adequate model that searches for the right
balance between accuracy and computational effort. The required accuracy is determined by the application,
in this case the FCPB site. To become a feasible alternative to diesel generators the life time cost of operation
is important. Therefore, the main cost contributions, such as component lifetime and hydrogen consumption
are of increased interest. For that reason, the focus of the model in this section is aimed at including accurate
efficiency values and degradation behaviour. The fundamental choices of this model are presented here while
the mathematical details are delineated in Appendix A.

As presented in Section 2.1.b, the conditions causing degradation are fairly well understood in literature. On
the other hand, Section 2.1.c highlights that only a limited amount of studies actually quantifies the degradation
according to the identified degradation conditions. Allthough these studies are not most recent, they provide
an initial reference input to start quantifying degradation. The efforts of literature to apply this degradation
quantification is elaborated in Section 2.2.b, where Table 2 clearly highlights the shortcomings of literature to
the focus of the fuel cell model mentioned before. Therefore, this section proposes a fuel cell model with a
piece-wise constant efficiency including all identified degradation characteristics while still formatted as MILP
equations for efficient solving routines.

The basis of the fuel cell model is derived from MLD systems framework [42] due to its excellent capa-
bility to describe interdependent physical operating constraints in a MILP format. Additionally, this format has
already proven its advantages in describing advanced fuel cell characteristics [38, 39, 40]. Within the MLD
structure binary variables are introduced that adopt their own characteristic features distinguishing between spe-
cific operating conditions, referred to as states throughout this thesis. Building on the binary state variables,
the MLD formulation allows for binary variables that describes the switch between two states, referred to as
state switches. These quantities are leveraged to develop an accurate fuel cell model from an operational and
degradation perspective.

From the literature overview in Section 2.1 the key fuel cell characteristics are derived. The continuous
efficiency curve introduces non-linear equations hence the inability of linear programming to solve the system.
Therefore, all studies proposing hydrogen EMS algorithms in Table 2 apply a constant efficiency to their model
input at each optimisation step which is a strong assumptions given the actual efficiency curve. A solution is
presented by Huang et al. [35], who applies a non-linear efficiency equation to update the efficiency between
consecutive optimisations according to the previous measured power. However this approach is only valid when
the ramp rate is severely limited which is not the case for modern PEMFC systems [11]. Another solution
is found in MILP where the full power range of the fuel cell is segmented in bins where the efficiency is set
accordingly. In theory, by applying infinite bins the original profile is retrieved, obviously at the cost of the
calculation effort.

Degradation is, similar to efficiency, a function of power, as illustrated in Figure 7. Noticeable is the fact
that the efficiency is lowest at point where degradation is highest. This inverse relationship arises due to the
underlying electrochemical mechanisms that drive both phenomena. The proposed model takes advantage
of this correlation by defining three power generating states: Low Power (LP), Medium Power (MP) and
High Power (HP), specifically tailored to the experimental degradation data in Table 1. The boundaries of the
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proposed power states are depicted in Figure 7, alongside general efficiency and degradation curves found in
literature.
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Table 3: Proposed state parameters of the fuel cell.
State Min power Max power Efficiency Depreciation cost Degredation Cost
(% of max power) (% of max power) (%) (€/hr) (€/hr)
OFF 0 0 0 0 0
STB -1 -1 0 CAPEX / lifetime 0
LP 5 15 25 CAPEX/ lifetime =~ CAPEX - 8.7e-6 / EoL
MP 15 80 50 CAPEX / lifetime 0
HP 80 100 35 CAPEX/ lifetime CAPEX - 10.2e-6 / EoL.

Besides the power production states, an OFF and Standby (STB) state are introduced to model the degradation
associated with start stop and load change cycles. The standby state serves as an intermediate step between
power production and off where the system is maintained at operational temperature without consuming hy-
drogen, thereby providing the option to prevent frequent start-stop cycles. The cost related to load change
degradation which occurs as a result of gas starvation and the place-exchange mechanism (detailed in Section
2.1.b) is applied to state transitions between the power production states and standby as well as between low
and high power states. Similarly, the cost associated with start-stop cycles is applied between the off state and
all other states.

An additional feature of the introduced state switch variables is the possibility to constrain specific state
switches. In this model, switches from power production to off are prohibited as to simulate the shutdown
procedure and allow for potential purging. Furthermore, based on experimental findings, the switch from off
to standby was forbidden as to prevent the fuel cell from consuming power during negative market prices. A
graphical summary of the degradation characteristics of the states and state switches is presented in Figure 8,
while the corresponding numbers are summarised in Table 3. The remaining assumptions regarding the fuel cell
model are summarised below.
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Assumptions

» The efficiency is constant within a state (see Table 3, based on [6]).

* The hydrogen inlet pressure and temperature are considered constant and regulated by the fuel cell
manufacturer.

* The ramp up and down rates are 20 %/s [11], rendering it irrelevant for the 15-minute time interval.

* The assumed CAPEX is 1000 €/kW with a lifetime of 25000 hours under ideal operating conditions
[43].

* The STB power consumption is 1 % of the maximum power [40].

* The fuel cell is in OFF state at the start of every simulation.

.

3.2 FCPB model

This section establishes the characteristics and assumptions for the remaining assets within the FCPB microgrid,
according to Figure 9, while the mathematical background is presented in Appendix A.
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Fig. 9: Schematic visualisation of the FCPB microgrid (own work).

3.2.a Battery

The battery asset is the backbone of the system providing several functions guaranteeing continuous operation
of the system. The rapid response in both providing and consuming electricity compensates for the limitations
of other assets, which proves beneficial for degradation prevention in the fuel cell. Moreover, the peak shaving
capability of the battery mitigates the congestion in energy deficit systems, thereby improving the overall system
economy. Furthermore, the battery allows for uncertainty to happen without an immediate shortage or surplus
of power. Battery systems, compromising of electrochemical cells, are prone to all kinds of degradation as well
(see the literature study in Appendix D), however for this thesis this behaviour is out of scope. As a result the
battery is modeled as a fast acting asset without any restrictive constraints other than mentioned in the following
assumptions.
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Assumptions

¢ The SoC at the start of the simulation is 50 %.

* The battery SoC is kept within 10 and 90 % for degradation and efficiency purposes. No other
degradation measures are taken.

* The battery has a 95 % (dis)charge efficiency [44] and no additional storage losses.

» The depreciation cost for usage is 50 €/ MWh, determined by the CAPEX and lifetime [45].

3.2.b Grid connections

An important attribute of the FCPB is its capability to operate in a semi off-grid mode. That is, a limited or
congested grid connection is still available, but cannot solely fulfill the demand. Depending on the load profile
and magnitude, this ya result in either an energy deficit or a power deficit. The former entails that the cumulative
load over a specified period exceeds the aggregate of the possible grid offtake, while the latter induces that the
peak power exceeds the grid power. The allocation point in Figure 9 serves as the measuring asset that aggregates
the total power that flows into the system.

Given the remote location and temporary nature of the system, hydrogen pipelines are not a feasible solution.
As a viable alternative, hydrogen is supplied through tanks on a periodic basis frequent enough to be irrelevant
to the EMS. Similarly to the allocation point, the hydrogen meter illustrated in Figure 9 measures the flow
and applies the corresponding costs. All other assumptions regarding the hydrogen and electricity sources are
detailed below.

Assumptions

* The available grid connection corresponds to the maximum available for building sites of 55 kW
where feed-in is not allowed.

* The system operates on the Dutch electricity market with a dynamic contract. An additional energy
supplier fee fee of 20 €/MWh is added to the market spot price.

* Hydrogen is delivered from large tanks that are resupplied in time and is instantaneously supplied to
the fuel cell.

* The hydrogen off-take price is taken as the average over 2024 from the German green hydrogen
index, valued at 220 €/MWh [46].

3.2.c Solar park

In addition to grid connections, the FCPB facilitates the usage of local renewable sources such as solar and
wind. In the context of this study, only solar is incorporated in the energy mix. The effective utilisation of
intermittent solar energy requires adequate energy storage as well as proper energy scheduling, which will be
thoroughly investigated in Chapter 4. The underlying assumptions for the solar field are listed below.

Assumptions

* Solar generation is fetched from actual historic irradiance data in Delft of the year 2022 [47].

* The output power is determined by the maximum output power of the plant, assuming optimal tilt
and azimuth, including 7 % additional system losses [48].

* The solar panels can be curtailed individually when required.
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3.2.d Demand load

The demand load is comprised of daily charge patterns for various electrified construction vehicles. The fleet
includes 20 smaller pieces of equipment, such as forklifts, wheel loaders, and small cranes, as well as five larger
vehicles including supply trucks and large excavators. Based on each vehicle’s individual characteristics as
runtime, operational pattern, battery capacity and charge power two randomised scenarios were created by a
previous intern as depicted in Figure 10. The choice for two distinct patterns arises from the uncertainty in the
actual site demand, where a deviation in maximum power (300 vs 260 kW), total energy (1.9 vs 1.8 MWh) and
timing of peak power (10 PM vs 12 PM) is chosen for maximum robustness. For the purpose of simulations,
the annual demand patterns are established according to the assumptions below.

FCPB load scenarios

300 — Scenario 1
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Fig. 10: Two scenarios of vehicles charging during the day (own work, based on fellow intern).

Assumptions

* The demand load is compromised of two semi-random scenarios of vehicles charging, as proposed
by a previous intern.

* Every consecutive day is different, every 2 weeks the pattern repeats and the weekends are free of
load.

¢ The load must be fulfilled at all times.
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3.3 Optimisation formulation

The previous section delved into the characteristics of specific assets and described the overall system config-
uration. This section develops the optimisation algorithm that is applied to this system for the dual purpose
of economical optimisation and health-aware operation. It starts with formulating the optimisation problem,
continues with the MPC scheduling approach applied by numerous studies in Table 2, and finishes with a novel
scheduling approach aimed at improving the computational burden of the former.

The literature overview highlights several optimisation formulations that are adopted in literature. Among these,
ED, DC-OPF and AC-OPF are the most recognised formulations. ED simplifies the problem by disregarding
power flows between assets yielding in lower accuracy compared to OPF formulations. DC-OPF is derived
from AC-OPF by assuming no cable losses, constant voltage at all nodes and a negligible voltage angles to
eliminate reactive power flow. Since it is assumed that the local controller handles voltage and current values,
the application of AC-OPF is redundant. The implementation of DC-OPF instead of AC-OPF greatly reduces
the computational complexity converting a quadratic nonlinear problem into a linear formulation.

Moreover, it should be noted that as a result of the MLD formulation for the fuel cell states the overall
system is transformed into a MILP formulation. The MILP OPF is constructed as a classical optimisation
problem seeking the minimum of a cost function dependant on the set of continuous variables P(t) and the
set of binary variables d(t), subject to a set of linear constraints, as shown in Equations (3) and (4). In these
equations the set of all timestamps 7" and the functions f and g depend on the optimisation approaches outlined
in Sections 3.3.a and 3.3.b. For a comprehensive description of the mathematical formulation, the reader is
referred to Appendix A.

min Y  f(P(t), 8(t)) 3)

teT

st g(P(t),6(1) <0 4

3.3.a Rolling horizon approach

The principles of MPC, as discussed in Section 2.2.a provide a perfect framework for energy scheduling pur-
poses due to the combination of real time implementation and future forecasting at the same time. Many studies
have adopted this approach and show its increased performance over Newton and heuristic based algorithms
[33] as well as rule based algorithms [37] in solving OPF problems. In addition, the inclusion of the prediction
horizon increases the renewable utilization [35] while decreasing the hydrogen consumption [34]. Additionally,
it is proven that an MPC can handle uncertainties without being overly conservative [37]. However, the in-
creased performance is affected greatly by the prediction horizon [34] which is the major cause of the increased
computational burden. Erazo-Calceda et al. even found that increasing the prediction horizon length by 25 %
the solution time increased by 50 %, where it should be noted that a quadratic problem formulation was used
[33].

Albeit computationally expensive, the MPC approach is well suited to apply the previously proposed fuel
cell model aimed at degradation reduction. Furthermore, the integration of the MLD formulation with states
and state switches should perfectly showcase the added benefit of the prediction horizon and its magnitude. The
assumptions applicable to this rolling horizon approach are listed below.

Assumptions

* The rolling horizon optimisation includes several timestamps in the prediction horizon.
* A dynamic timestep is applied in an effort to reduce the computational time.

* The complete fuel cell model as proposed in Section 3.1 is applied over the full prediction horizon.
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3.3.b Fixed schedule approach

The computational expense is the primary drawback associated with MPC approaches. Therefore this section
aims to adopt a novel scheduling solution combining the benefits of an MPC while reducing its computational
effort. The integration of forecasting and real-time application is essential and should be included in the novel
approach.

Within the MPC framework, 95 % of the calculated results remain unused, as only the result of the first times-
tamp is implemented. This is the predominant factor contributing to the increased computational costs. An
evident solution would be to reduce the prediction horizon and thereby the unused results. However, the accom-
panied reduction in performance [33] is undesirable. As a first solution, the previous section applies a dynamic
timestep to sustain the prediction horizon, albeit with a coarser perspective. Subsequently, it is proposed to get
rid of the rolling optimisation and perform a daily single scheduling optimisation with the full model for fore-
casting purposes. Consequently, the results of the fuel cell states and battery SoC are communicated to a single
timestep optimisation that handles the real time implementation with the actual realised powers. This approach
retains the predictive capabilities and real time implementation while avoiding redundant calculations.

As a result of the scheduling optimisation, the real time optimisation can be simplified to increase com-
putational speed. Most notably, the fuel cell model is constrained to solely the scheduled state, changing the
optimisation to a linear program. Without multiple timestamps in the optimisation, the battery requires a differ-
ent strategy to encourage charging at the correct times. This has been solved by introducing a (linear) penalty
to deviating from the scheduled SoC, as suggested by Bidi et al. [49].

A fundamental drawback of this approach is the necessity of accurate forecasting since the time between
optimisation and implementation is greatly increased as compared to the MPC. To overcome the discrepancies
between forecasted and actual loads and generation two distinct safety margins are introduced in the scheduling
optimisation. First, the minimum SoC limit of the scheduling optimisation is increased to always maintain some
reserve capacity for unforeseen circumstances. Second, the load prediction can be overestimated by a certain
factor to promote the scheduling of reserve power. Since these safety quantities are system specific and not well
covered in literature, their values are experimentally tuned and their impact assessed in the results Section. A
summary of this section is given in the assumptions listed below, while a schematic overview of the MPC and
fixed schedule approach is provided in Figure 11.

Assumptions

* The scheduling optimisation is performed well before the start of the next day.
* The complete fuel cell model as proposed in Section 3.1 is included in the scheduling optimisation.

* In the short-term optimisation the fuel cell state is fixed according to the schedule. Degradation costs
are not applied in this optimisation since that information is provided by the schedule.

* In the short-term optimisation the battery follows the SoC schedule, where a linear penalty is intro-
duced for deviating from the schedule [49].

* The scheduled SoC in the short term optimisation is calculated as the weighted average of the previ-
ous and next hour.

* In the scheduling optimisation the minimum SoC is increased in order to provide a safety margin in
the real time optimisation.

* An additional margin is taken on top of the predicted load in order to provide a safety margin in the
real time optimisation.
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Fig. 11: Schematic of the proposed scheduling approach and the dynamic MPC approach displaying the timesets
and models used in the optimisations (own work).
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3.4 Simulation approach

This section describes how the adequacy of the proposed models in reaching the two-fold goal of this thesis is
investigated. In addition, several hypotheses are drafted regarding the impact of the proposed models.

Upon completion and integration of the models into the existing Emmett Green EMS structure, the initial steps
involved validating the correct configuration of the models. To this end, a unit test matrix was created that
evaluated the impact of specific features one by one. For a detailed account of the validation analysis, the reader
is referred to Appendix C.

The first objective of this study is to provide a health-aware optimisation framework, accounting for the
key issues of fuel cell degradation. The fuel cell degradation framework of Desantes et al. [25] (see also
Figure 4) based on the experiments of Pei et al. [27], is inversely applied in the proposed model outlined in
Section 3.1. By incorporating degradation factors associated with start-stop cycles, dynamic loads, and power-
dependent phenomena, this model calculates the State of Health (SoH) as a function of operational conditions.
Consequently, this model can be utilised to evaluate the performance of the optimisation framework by providing
a quantitative measure of its adequacy.

The second objective is to assess the robustness of the optimisation algorithm in ensuring the security of
the load supply. Particularly, in the congested microgrid where energy and power deficits prevail the method of
optimisation, the guarantee of load fulfillment raises a challenge. Unlike most hydrogen EMS papers [34]-[41],
which typically simulate a day to a maximum of a week, this study simulates the FCPB site over the entirety
of 2023 to include all extreme events. The results of these simulations will be evaluated according to several
KPI’s including simulation duration, utility costs, fuel cell SoH, battery SoH and solar and grid utilization.

The thesis starts with comparing the two proposed optimisation methods, and benchmarks them against a Rule-
Based Strategy (RBS) proposed by Huang et al. [50] and scenarios lacking the MLD formulation or forecasting
capabilities. The hypothesis is that the MLD formulation enhances the lifetime of the fuel cell albeit at the cost
of the utility bill (electricity and/or hydrogen). Furthermore, the prediction capability is expected to increase the
battery and solar utilisation, thereby reducing utility costs.

Subsequently, both optimisation methods are exposed to a sensitivity analysis that should provide insights
in the relevant parameters and design choices. Especially, attention is given to the effectiveness of forecasts
and the length of prediction horizons. The hypothesis is that extending the horizon and increasing the forecast
accuracy results in better economical choices as the optimisation benefits from improved inputs. Finally, an
economic system sizing analysis is conducted. Naturally, it is hypothesised that increasing battery and fuel cell
size increase the system economy. However, the point at which the investments outweigh the increased economy
is unknown.
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4 RESULTS

This section describes the results of the multiple analyses proposed in in Section 3.4. The simulations are
performed on the FCPB system, according to the numbers described in Section Appendix B, over the entirety
of 2023. As a reference for the simulation time the hardware configurations is as follows: a laptop with an Intel
core I7 at 2.2 GHz and 16 GB RAM is used. The EMS program is written in Python and the optimisation is
solved with the mixed-integer CBC solver in OR tools.

4.1 Rolling horizon vs fixed schedule approach

The asset power distributions calculated by the rolling horizon optimisation are depicted for a solar-deprived
and solar-rich day in Figures 12 and 13 respectively. A prediction horizon of 12 hr is adopted in these figures
based on the findings of Section 4.2. In both figures, the top plot displays the costs for electricity and hydrogen
in 2023 where it is established that hydrogen is a factor 1.5 to 8 more expensive, considering a 50 % conversion
efficiency. Notably, negative prices do not even occur on these days. Consequently, the fuel cell serves as
back-up power to cover the energy deficit over the entire day (or week). Throughout this thesis, the following
convention is adopted: positive power denotes generation while negative power denotes consumption. The
figures reveal the ability of the rolling horizon optimisation to distribute the power and reduce the grid and fuel
cell utilization as more solar generation is available. The multi-timestamp MILP is solved in around 80 seconds
per day, amounting to 8 hours of computational time for a single year.

'§_ Market pricing
2 —— Hydrogen
¥ 250 Electricity
g
2
O
=
11}
=
5
=
Power Qutputs
© 200 —— Fuel cell 1

= Base load 1
s 7
= 0 — L — = Solar PV 1
g Grid connection 1
£ -z00 Battery 1

a0 Battery State of Charge

0
= 30
O
O 20
0

10

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Jan 24, 2023 Jan 25, 2023

=]

Time

Fig. 12: Simulated results on a winter day with the rolling horizon approach (own work).

The results over the same 2 days as calculated by the fixed schedule approach are depicted in Figures 14 and
15. The fixed schedule approach requires some tuning depending on the site, forecast accuracy and year of
operation. This analysis is covered in Section 4.3, while the optimal outcomes are presented here. Several
observations are done while comparing the fixed schedule and rolling horizon approach.

Foremost, as the key driver for the implementation of the fixed-schedule approach, the computational
time has been reduced to merely 3 s/day, representing a reduction of 96 %. This improvement results in
an annual simulation of 25 min, down from 8 hr, proving particularly beneficial when many simulations
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have to be completed. There is no established relation between problem size and solving time, due to the
branch-and-bound algorithm [51]. Additionally, the inclusion of modern techniques like presolving, heuristics
and parallelism, designed to accelerate large problem solving, further complicates the establishment of this
relation. An example, of these improved routines is observed over the weekend where many zero-values occur
and the simulation time drops by almost 50 %. Still, in the optimisations the amount of variables scale linearly
with the amount of timestamps increasing from 50 to 800 in the fixed schedule and rolling horizon optimisations
respectively. Besides the increased solving time, constructing the problem also requires progressively more
time. Overall, the fixed schedule proves highly effective in reducing the computational burden.

Market pricing
200 —— Hydrogen
Electricity

Market pricing (€/MWh

Power Qutputs

200 — Fuel cell 1
/-\ Base load 1

0b— B Solar PV 1

Grid connection 1
-200 Battery 1

Power (kW)

Battery State of Charge

30

SOC (%)

20

10
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Jul 25, 2023 Jul 26, 2023

Time

Fig. 13: Simulated results on a summer day with the rolling horizon approach (own work).

Another interesting observation is depicted in the bottom graph of Figures 12 to 15, depicting the SoC profiles
of the battery during the day. In the rolling horizon approach the battery tends to charge only when a load peak
(or negative prices) occurs within the horizon, resulting in many days starting with a relatively low SoC. The
fixed schedule approach on the other hand oversees the full day hence it ensures a higher SoC at the start of the
day, resulting in a lower fuel cell usage. In addition, the SoC margin accounted for in the scheduling approach
allocates more energy to the battery to accommodate inaccurate predictions, as it cannot rely on the fuel cell
when it is scheduled off. Leading to reduced fuel cell degradation albeit at the expense of battery degradation
(indeed this is verified by the KPIs in Table4).

The impact of the proposed MLD framework is clearly reflected in the operational profile of the fuel cell.
The amount of start-stop and load cycles is reduced to a minimum with the fuel cell predominantly operating
at the maximum allowed power in the MP state. Moreover, throughout the entire year, not a single LP and
HP state incident occurred due to the reduced conversion efficiency. Interesting is the profound difference in
fuel cell activation times between both optimisations. Given that the battery has sufficient power to cover the
load the rolling horizon uses the fuel cell when the battery is depleted. Figure 13 clearly demonstrates that the
fuel cell charges the battery precisely 12 hours in advance, providing just enough energy to serve the load that
arises at the prediction horizon. The downside of this approach occurs in this figure as well since the fuel cell
is required to start up again at 9 AM due to the inaccuracy in load forecast, increasing the degradation. This
raises the questions whether to include prediction margin in this optimisation as well. In contrast, the fixed
schedule approach prefers activation of the fuel cell during high anticipated loads. Note that the prediction of
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the load is taken as the average over both load profiles hence the offset in Figure 15. The scheduling difference
is even more evident in the annual heatmaps displayed in Figures 16 and 17. Using the fixed schedule approach
the operation of the fuel cell is concentrated around peak load hours for longer periods of time due to the
scheduling optimisation interval. Whereas the rolling horizon approach has the freedom to start and stop more
frequently.
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Fig. 14: Simulated results on a winter day with the fixed schedule approach (own work).
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Fig. 15: Simulated results on a summer day with the fixed schedule approach (own work).
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Fig. 16: Fuel cell power over the year with the rolling Fig. 17: Fuel cell power over the year with the fixed
horizon approach (own work). schedule approach (own work).

Looking critically at the initial results it was observed that solar generation was occasionally curtailed during
the day even though the battery was not fully charged. This issue arose because the actual SoC being above
the scheduled SoC, due to an underprediction of solar. Being not economically optimal, it was proposed to
only apply the SoC penalty when the actual SoC falls below the scheduled SoC. As a result, solar utilisation
increased from 65 % to 88.9 %. Although disallowing curtailment would maximise this value, it would render
the system infeasible during solar-rich weekends.

4.1.a Benchmarks

The previous section proves the adequacy of the proposed models in managing the congested FCPB site. This
section benchmarks the two main additions, the MLD framework and the forecasting approaches, by comparing
a scenario without multiple timestamp optimisations and without the MLD framework. The former is achieved
by simulating the site with only single timestep optimisations while the latter is achieved by removing all binary
state and state switch variables, and assuming a constant efficiency over the entire power range. Additionally, a
straightforward, non-optimisation-based strategy serves as the last benchmark. The RBS, as proposed by, [50]
follows a hierarchical power distribution approach: solar energy is prioritised for load supply, followed by the
grid, battery and fuel cell. Furthermore, the battery is consistently charged when solar or grid power is available
and the fuel cell only switches on with a depleted battery and off when the battery is fully charged.

In the previous section, a daily power distribution has been examined to verify the behaviour during short
periods. This section on the other hand revises only the cumulative results over the entire year, which are
presented in Figure 18. In this figure the costs for hydrogen and electricity are retrieved directly from the
measuring assets in the output data. The depreciation costs are calculated according to:

S oH, 1
CFC intion = CAPEX - =% 5
depreciation SOHEoL ( )
S oH, 1
oPAT . ion = CAPEX - ——2%% 6
depreciation SOHEoL ( )

where SoHp,, is the end-of-life criterion, set to 10 % of OCV at nominal power, corresponding to 0.07 V [25]
for the fuel cell. The battery end-of-life criterion is determined by the maximum number of cycles allowed.
SoH,,ss refers to the voltage degradation observed calculated by the extended lifetime model of Desantes et al.
[25] in the case of the fuel cell. While it refers to the number of cycles for the battery, calculated by energy
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throughput, where one cycle consists of 0 to 100 to 0 % SoC. The depreciation costs of the assets, combined

with the costs of contracted electricity and hydrogen, are subsequently used for the calculation of the LCOE, as
described by [52]:

BAT
Cdep’r‘eczatzon + Celectricity + Chydrogen

Eload

cre
LOOE — depreciation

(7

where all costs are according to the annual total of 2023 and FEj,.4 is the sum of supplied energy over the same
period, equal for all scenarios. The calculated LCOE’s of the benchmarks simulations are depicted in Table 4,
ranging from 227 to 327 €/MWh. This range is comparable to the results found by Fontava et al. [52] for a
similar system, and estimates by NREL [53]. It should be noted that this is a simplification of the complete
system and that the LCOE is highly dependent on system configuration, location and economic conditions.

The figure reveals several key observations. Firstly, the scenarios with only single timesteps perform worse
in electricity and hydrogen costs aspects, while scoring better in depreciation (not all assets simultaneously)
and calculation time. The reduced utilization of the battery in the first two scenarios is explained from the
associated costs of its usage which typically do not result in a profit within one timestep. The addition of
the MLD fuel cell model effectively reduces fuel cell degradation even without incurring higher hydrogen or
electricity costs. Contrasting, the RBS approach stimulates the usage of the battery when its not fully charged,
shifting the depreciation from the fuel cell to the battery. The outcomes are expected since the algorithm has
the least amount of information available for decision making, therefore having to rely on the back-up fuel cell
more often. Consequently, all these single timestep scenarios fail to serve the load demand when the power
deficit increase. This was experimentally proven by reducing the fuel cell maximum power. Therefore, while it
can be used as a benchmark given this system layout, that is where its functionality ends. As a result, no further
attention is given to this approach, while it is anticipated that there are improvements to be made.
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Fig. 18: Cost comparison for the proposed solutions and a benchmark (own work).

Regarding the fixed schedule results, a vast reduction of costs is achieved by reducing the fuel cell and hydrogen
usage. By taking into account the upcoming day and hours this approach capitalises on inexpensive energy
whenever the battery SoC permits it. Within this approach, the introduction of the MLD model substantially
extends the fuel cell life, although it does not offset the increased hydrogen costs. This characteristic is explained
by the simulation approach, which dictates the fuel cell state for an hour, whereas the stateless model can
operate the fuel cell more flexible at 15 minute intervals. The rolling horizon approach shows a similar trend
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when it comes to resource usage; however, the prediction horizon is deemed to short to fully leverage the MLD
framework in reducing fuel cell depreciation. Conversely, in this scenario, the extended fuel cell life does offset
the increased hydrogen costs.

Figure 19 depicts the source of energy for all scenarios, providing a deeper understanding of their behaviour.
Firstly, it confirms that the fuel cell plays a more significant role in the single timestep scenarios. Secondly, it
emphasises that the share of free solar energy is increased with the inclusion of longer optimisations. RBS
specifically falls far behind in terms of solar utilisation since it fails to reserve battery capacity. Furthermore,
increased hydrogen usage does not necessarily correlate with greater degradation, as evidenced by comparing
scenarios with and without MLD framework. Moreover, it is observed that the MLD framework necessitates
the battery to compensate for the fuel cell, which aligns with the expected roles of fast and slow-acting assets.
It is also noteworthy that while the sum of solar, grid and fuel cell power appears to always be 100 %, the actual
sum is slightly higher due to the 95 % efficiency of both charging and discharging, depending on the extent of
battery usage. A comparison of the charging and discharging contributions verifies that 10 % of the energy is
lost during battery storage.

Source of energy

Grid connection
Fuel cell

Solar

Battery discharge
Battery charge

600  1p.0% 12.4%

400

69.9%

200

Energy (MWh)

-12.1% -13.8% -30.0%
-40.6% R _41.4% -37.7%
—200
Mo MLD MLD RBS No MLD MLD Mo MLD MLD
Without schedule Fixed schedule Rolling horizan

Optimization strategy

Fig. 19: Origin of energy that serves the load demand for the proposed solutions and a benchmark (own work).

Figure 20 dives deeper into the causes of degradation for the presented scenarios. It is highlighted that the
applied degradation model, as proposed in [25]), is derived from an experimental fuel cell study in [27]. While
this model is representative, it is important to acknowledge that commercial fuel cell degradation can deviate.

The strategy incorporated in the MLD framework specifically targets the degradation components from this
model by reverse engineering the costs related to the identified degradation conditions. The resultant behaviour
after applying the MLD model is evident across all optimisation scenarios. Low- and high-power degradation
are entirely avoided by raising the minimum power, benefiting both the degradation costs as well as the operating
hours. The RBS approach is effective in reducing the number of fuel cell operating hours, however neglecting the
notion of high power degradation. Furthermore, the model aims to reduce the number of start-stop cycles, a goal
achieved in the fixed schedule and rolling horizon approach. It can be concluded that without the information
from future timesteps the model is not able to avoid unnecessary start-stop cycles.

Besides the calculated SoH according to the operation profile, the number of operating hours, as presented
in Table 4, provides a complimentary measure for assessing SoH. Given the assumed lifetime of 25.000 hr
[43], and an EoL criterion of 10 % [25] there is a profound gap between both SoH indicators. The cause of
the mismatch is found in the application of back-up power which is paired with frequent start-stop cycles and
short power producing periods. The impact of the MLD formulation remains evident, reducing the amount of
operating hours by a factor of 2 and 3 for the fixed schedule and rolling horizon approaches.
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Fig. 20: Contributing factors in fuel cell degradation for the proposed solutions and a benchmark (own work).

On the other hand, degradation related to changing the power level is slightly increased by the MLD framework.
According to the applied model, the magnitude of load change degradation is determined by the delta of power
as well as the frequency of power fluctuations, where the reference degradation per cycle is a factor of 35
lower than with start-stop cycles. In scenarios without health-aware operation, there are more load fluctuations
but their magnitude is insignificant. In contrast, the scenarios that include the MLD framework exhibit larger
deviations caused by switching between states or from the minimum to maximum values within a state. Lastly,
a notable feature of the proposed model is the ability to set the device in STB mode to avoid a cold start. Over
the year, given this specific system layout, no instances were observed where it was more economical to avoid
a start-stop cycle by temporarily switching to STB. This outcome can be attributed to the battery’s capability
to supply the maximum power required by the load. To conclude the benchmark tests, an overview of the most
important performance indicators is depicted in Table 4.

Table 4: Summary of KPI’s for all benchmark simulations.

optimisation Calc. time FC SoH FC usage Bat SoH Utilization Utility cost LCOE

approach (s/day) (%) (hr) (cycles) solar (%) (k€) (€/MWh)

No schedule 0.5 95.8 2465 55 82.0 94.2 327
+ MLD 1.5 96.9 1887 63 83.4 94.8 299

+ RBS 1.5 99.0 407 190 69.3 102.3 274
Fixed schedule 0.8 98.1 1014 152 94.9 66.5 227
+ MLD 3.0 98.7 477 184 91.5 77.7 234
Rolling horizon 9 96.2 1283 136 94.7 70.8 285
+ MLD 80 97.6 416 169 94.9 72.8 254
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4.2 Rolling horizon sensitivity

The rolling horizon approach proves to be highly effective in controlling the FCPB site, especially in terms of
reducing the utility costs. However, as already pointed out the in the previous section, in terms of fuel cell
degradation prevention it lacks behind the fixed schedule approach. A possible explanation is found in the
reduced prediction horizon between the two approaches. The literature presented in Table 2 heavily utilises a
rolling horizon, however none of the studies include an analysis on how long this horizon should be. Therefore,
this section investigates the impact of the prediction horizon length. Three scenarios are presented in Figure
21, where the second part of the dynamic timestep is extended by four hours. The results of all KPI's are
summarised in Table 5.

Table 5: Summary of KPI’s depicting the impact of the prediction horizon.

optimisation Calc. time FC SoH BatSoH Utilization Utilization Utility cost LCOE
approach (s/day) (%) (cycles) solar (%)  grid (%) (k€) (€/MWh)

4 50 96.9 155 94.9 83.8 83.4 294
8 65 97.5 164 94.9 91.1 75.9 262
12 80 97.6 169 94.9 93.8 72.8 254
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Fig. 21: Cost sensitivity given various prediction horizons (own work).

First, the computational time of these scenarios increased linearly from 50 to 80 s/day, while the cost reduction
did not follow a linear pattern. The diminishing added benefit together, combined with the inclusion of unknown
electricity prices in the prediction window, prevents the extension of the horizon beyond 12 hr. As expected,
providing more information to the optimisation results in better economic decisions. However, the added benefit
of more information diminishes with an increasing prediction horizon. For the MLD framework, scheduling as

far in the future as possible is deemed particularly relevant, leading to considerable improvement in fuel cell
lifetime.
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Prediction horizon impact on battery usage
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Fig. 22: Battery usage given various prediction horizons (own work).

Anticipating the load by charging the battery, especially in power-deficit configurations, is the primary reason
for the reduction in hydrogen usage for longer horizons. This effect is clearly demonstrated by the SoC curves
in Figure 22. During a winter week with low solar generation the battery is not fully charged over the weekend.
Consequently, to fulfill the demand on Monday without resorting to the fuel cell, the algorithm starts charging
the battery as soon as the load appears on the horizon. This process is more effective with a longer lead time.
In Table 5 it is indeed verified that the grid utilisation increases when extending the horizon. This behaviour is
reflected in the reduction of operational cost, and the slight increase in battery usage. Secondly, it is interesting
to note that the solar utilization is exactly equal in all horizons, indicating that solar energy is only curtailed
when the battery is fully charged during solar-rich weekends.

4.3 Fixed schedule sensitivity

Similar to the rolling horizon approach, the fixed schedule optimisation benefits from future predictions. The
importance of anticipating future behaviour has been demonstrated in previous sections. This insight can be
applied to extend the scheduling horizon to, for example, two or three days, resulting in a rolling optimisation
approach with a relatively coarse interval. It should be noted that since the optimisation is performed only
once a day, after the electricity prices for the next day are known, the horizon can be extended to 36 hours
without requiring price predictions. However, extending the horizon to include more days would necessitate the
estimation of electricity prices, similar to the estimation of solar generation and demand load. As these forecast
are not available and the simulations are performed in the past, perfect foresight is assumed in these simulations.
The outcomes of extending the scheduling horizon are presented in Figure 23 and Table 6.

The outcomes align with the expectations based on the rolling horizon results. Incorporating additional
information into the decision-making process enhances the results, albeit at a diminishing rate. Again, the
extended horizon is effective in applying the battery to prolong the fuel cell life and increase the grid utilization.
One outlier was identified in the table: a reduced solar utilization accompanied by an increased utility cost
for the two-day simulation. No concrete explanation for this behaviour has been found, however due to the
small deviations, it is be considered as a simulation error. Additionally, computational effort has increased
significantly, particularly since only one of the 97 (24 - 4 + 1) simulations has been adjusted. It can be concluded
that the increased computational time and the necessity for proper energy forecasts do not justify the marginal
performance improvement.
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Yearly Operating Costs

120k 115.7 k€ 114.1 ke 112.4 ke B hydrogen
18 k& 10 kE ke B clectricity
100k (16%) (16%) (17%) B fuel cell depreciation
19 ke 18 k& 17 ke B battery depreciation
S0k (17%) (16%) {15%)

60k

40k

Operating cost (€)

20k

39 k€
(34%)

Scheduling horizon (days)

Fig. 23: Cost sensitivity given various scheduling horizons (own work).

Table 6: Summary of KPI’s depicting the impact of the scheduling horizon.

optimisation Calc. time FC SoH BatSoH Utilization Utilization Utility cost LCOE
approach (s/day) (%) (cycles) solar (%)  grid (%) (k€) (€/MWh)

1 3.0 98.70 184 91.5 91.3 7.7 234
2 4.5 98.82 186 88.9 92.5 71.8 230
3 7.0 98.89 187 90.2 92.7 77.0 227

4.3.a Safety margins

As mentioned in Section 3.3.b, the fixed schedule approach requires additional parameters to take uncertainties
into account. These parameters are referred to as the safety margins and are present as load margin and
soc margin. The former introduces an overestimation of the load into the scheduling optimisation, thereby
scheduling the fuel cell more aggressively. While the latter decreases the SoC window in the scheduling opti-
misation, keeping energy in reserve to be used when energy deficits occur in real time. In addition, to track the
reference SoC a penalty is introduced which determines the amount of slack permitted. This section describes a
short analysis on the impact of the different margins performed on the FCPB site with a 500 kWh (0.5 C) battery.

To develop insights into the different strategies that account for scheduling uncertainties, an analysis has
been performed in where full credit was attributed to a single strategy. The resulting impact on different cost
contributions in the system is depicted in Figure 24, where all percentages are relative to the total cost of
the most effective strategy. The analysis aimed to determine the lowest possible margin (with increments of
5 %), which allowed the system to operate without becoming infeasible. The resulting combination of feasible
margins, as shown in Table 7, correspond to the outcomes of Figure 24. From the results, it can be derived that
both margin strategies can individually solve the uncertain scheduling issue. However, the chosen approach
severely affects the operating cost of the system.
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Relative Yearly Operating Costs
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Fig. 24: Impact of applying different margin strategies to the system economy (own work).

By inflating the expected load, the scheduling optimisation resorts to the fuel cell to compensate the energy
deficit, as the grid connection and solar inputs are already at maximum capacity. According to the MLD
methodology the fuel cell state remains unchanged in the real-time optimisation, where it encounters less load
than expected, leading to increased fuel cell and battery usage. Moreover, an increased share of solar power is
curtailed due to the battery reaching full capacity. In contrast, when the minimum battery SoC limit is increased
during scheduling, the grid and fuel cell primarily cover the load, while the reserved battery capacity manages
the mismatch in scheduled and actual load. Within the latter approach, it is important to note that the SoC mar-
gin has an upper bound related to the size of the battery and other components. Specifically, the other energy
sources should be able to recover the SoC from a low value to the minimal scheduled SoC value within a single
timestep. If this criterion is not met, a combination of margins should be applied.

Lastly, the impact of the SoC deviation penalty was assessed by adjusting its value. An effective value was
determined to be 2.5 €/% (0.5 €/kWh for the given battery). The operating cost of the battery is valued at
0.05 €/kWh, making this a strict penalty. Gradually lowering the penalty does not result in different behaviour
until it decreases to 1 €/%. The non-continuous behaviour can be explained by the optimisation formulation,
where decisions are typically binary, determined by a certain threshold. Once the deviation penalty was suffi-
ciently reduced, the battery made more short-term oriented decision in the real-time optimisation, necessitating
other margins to increase, thereby diminishing the potential cost savings. From Table 7 and Figure 24 it is clear
that the possible benefits of a reduced deviation penalty are offset by the increase in the other two margins and
a significantly increased fuel cell depreciation.

Table 7: Value of margin parameters applied in the comparison.

Margin Load forecast margin Scheduled battery SoC margin SoC deviation penalty
Strategy (%) (%) (€/%)
Load forecast 55 0 2.5
Battery SoC 0 50 2.5
Penalty 60 60 1
Mix 25 25 2.5
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4.3.b Demand forecast

The primary goal of the FCPB site is to accommodate reliable charging of electric construction vehicles. Inher-
ent to this objective is a degree of uncertainty regarding the timing and type of vehicles being charged. Section
3.2 presents two distinct daily charging profiles that can be anticipated, where the aggregation of a numerous
vehicles already provides a degree of smoothing. When the scheduling optimisation is performed, a prediction
of the load must be included. Three important features indicating the prediciton’s accuracy are the total daily
consumed energy, the peak load magnitude and the peak load timing. As the previous section demonstrates that
applying a SoC margin is most profitable, the impact of the chosen load forecast is assessed based on the battery
SoC, as depicted in Figure 25.

For reference, a simulation with perfect foresight has been plotted, along with one assuming the ’other’
day (Figure 10), and one using the average. For readability, only the scheduled SoC of the perfect foresight
case is plotted, as all scenarios behave similarly. For this specific week the SoC margin was set to 25 %,
observable at the start of the weekend where all schedules aim to deplete the battery by the end of the day. The
main observation from this graph are the 24-hr scheduling horizon, which explains the lack of solar usage on
Saturday, and the correlation between prediction accuracy and required SoC margin. The alternating load profile
results in days of underestimation (even days) and overestimation (odd days) which is immediately reflected in
the SoC profile of the predicted scenario. Vast downward deviations occur on the 24th, 26th and 30th while
upwards deviations occur on the 25th and 31st.

Taking the average of both profiles as a prediction mitigates one of the three inaccuracy measures, specifi-
cally the timing of the peak load. This average demand profile has two peaks of significantly reduced magnitude.
Consequently, the resulting SoC profile shows a reduction in the downwards SoC deviations, suggesting that the
magnitude of the peak is less critical in the prediction. This conclusion is supported by the state scheduling of
the fuel where the freedom of selecting its power remains, as long as it is scheduled in a power producing state.
Due to the increased performance while keeping uncertainty, the average of the demand load has been equipped
throughout this thesis as the load prediction.

Impact of load prediction accuracy

— actual
1 average
80 -
redicted

20 \/l .“IW‘\ J \fv\v_ e

May 24 May 25 May 26 May 27 May 28 May 29 May 30 May 31
2023

Fig. 25: Observed battery slack as a result of the applied load forecast (own work).

4.4  Site sensitivity

With the efficacy of the methods validated and their sensitivities identified, an economic analysis of the FCPB
site is performed. To this end, the scheduling approach is employed for its rapid computational time. The opti-
misation parameters include a scheduling horizon of 1 day, a SoC deviation penalty of 0.5 €/kWh, a preference

Version: 3 32



T.S.Edelijn

for using only a SoC margin, a load margin when required, and the average of the load profiles as a prediction.

Operating cost (kE)

While keeping all other assets constant, the economical impact of the maximum power of the solar park, battery,
fuel cell and grid connection is investigated. As before, the contributors to the operating cost are the electricity
and hydrogen usage, as well as the fuel cell and battery depreciation. Although, larger grid connections and
solar parks are paired with higher investment costs as well, it is assumed that the operational pattern does not

Sensitivity Analysis

Hydrogen costs

Electricity costs

50

100
40
s,
<0 ‘\ \
0 20
0 50 100 150 200 50 100 150 200
Battery depreciation Fuel cell depreciation
2
2 / 30
18 _--/ -‘:I
L _—__,_‘________-___ﬂ
16 10 ././
14 0
0 50 100 150 200 50 100 150 200

—e— Solar park
Battery

—a— Fuel cell
Grid connection

Mormalized asset max power

Fig. 26: Summary of the sizing analysis performed (own work).

impact the lifetime or costs of these assets.

4.4.a Fuel cell power

Figure 26 presents the costs per contributor as a function of the asset’s maximum power for all investigated
assets. As the backup power asset, the optimisation aims to minimise hydrogen costs without excessively
impacting the fuel cell’s lifespan. The cost impact as a function of the fuel cell power, ranging from 100 to
500 kW, is highlighted in orange. The top two graphs show that the impact on energy sources is minimal. A

minor shift from electricity to hydrogen is attributed to the increased minimal power of the larger fuel cell.
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Fig. 27: Heatmap of a 100 kW fuel cell, showing the Fig. 28: Heatmap of a 500 kW fuel cell, showing the
daily and seasonal patterns (own work). daily and seasonal patterns (own work).

Conversely, from a depreciation perspective, considerable changes occur. As indicated by Equation (5), both
degradation and initial CAPEX influence the total depreciation cost. Increasing the fuel cell size allows the
optimisation to reduce operating hours, as shown in Figures 27 & 28. However, as Figure 20 demonstrates,
start-stop cycles are the primary contributor to the total degradation, especially after the MLD framework im-
plementation. The heatmaps reveal that while the number of start-stop cycles decreases, it is not substantial,
resulting in a SoH improvement from 97.8 % to 98.8 % for the smallest and largest fuel cell, respectively. This
roughly doubles the fuel cell’s lifespan, but increases the investment cost five-fold. In addition, the sensitivity
analysis indicates an accompanied steep increase in battery depreciation. This increase is directly caused by the
reduction of fuel cell operating hours at an increased power level. Overall, it can be concluded that over-sizing
the fuel cell negatively affects the systems economy by increasing both battery and fuel cell depreciation.

4.4.b Battery capacity

The green lines in Figure 26 depict the influence of battery capacity on the economic performance of the system.
In the semi off-grid configuration the battery is the key in flexible operation and the selection of the preferred
energy source, as is elaborated in Figure 29.

Initially, the priority is given to free solar energy, with the 2 MWh battery capable of utilizing 100 %,
compared to 78.3 and 88.9 % for the 0.5 and 1 MWh batteries respectively. Secondly, the grid utilization
increases from 80.9 % to 92.5 % for the smaller batteries and decreases again to 91.1 % for the large battery. This
reduction for the largest battery is attributed to the increased solar contribution, although it was expected that
grid utilization would increased further toward 100 %, thereby mitigating hydrogen usage. A further increase
in grid utilization could be realised by extending the scheduling horizon; however, reaching 100 % is heavily
dependent on the load profile. The above described shift in energy sources is evident in Figure 29 and the
associated energy costs in Figure 26.

Consequently, fuel cell depreciation is reduced while a slight increase in battery depreciation is observed.
Unlike the case with increasing fuel cell size, the increase in battery size has a lesser impact on the depreciation
cost. The battery lifetime is determined by the amount of cycles underwent, which is a function of total energy
throughput and capacity. As shown in Figure 29, the energy throughput is only marginally increased, while
the capacity is doubled. Therefore, the batteries undergo 347, 187 and 97 cycles respectively. Therefore it is
concluded that the battery throughput is a site specific variable only slightly affected by the battery size.
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Fig. 29: Influence of battery sizing on the energy source distribution (own work).

4.4.c Grid connection

The limited grid connection heavily influences the characteristics of the FCPB site, both from a simulation and
technical perspective (See the literature study in Appendix D). Under current legislation in the Netherlands, a
maximum connection of 55 kW is allowed for building connections, resulting in a 30 % energy deficit for the
applied load profiles. Nonetheless, it is important to evaluate the proposed optimisation framework in fully, semi
and off-grid configurations. The cost impact is displayed in Figure 26, with the fully off-grid scenario omitted
to maintain readability. In addition, the distribution of energy sources is shown in Figure 30.
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Fig. 30: Influence of grid configuration on the energy source distribution (own work).

The energy deficit measure is defined as 100 % minus the ratio of maximum grid offtake to total load during
all weekdays. Therefore, in the 30 % deficit scenario, a maximum of 70 % of electricity can be sourced from
the grid if weekend are not taken into account. The power plots show that the grid is minimally engaged in the
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weekend except for days with negative prices. In practice, maximum grid utilization is not reached due to the
inclusion of solar power and the specific load profile shape. The cost analysis reveals a major impact of the
grid connection size, due to the cost difference between electricity and hydrogen. Furthermore, it is observed
that the importance of the battery increases as the grid size is reduced, resulting from the increased fuel cell
usage. Moreover, the absence of fuel cell usage when no energy deficit exists, indicates that the power deficit is
simultaneously resolved for this specific system configuration. In conclusion, the grid connection has the largest
influence on the system’s economical perspective and the proposed model’s performance is insensitive to the
grid configuration.

4.4.d Solar power

Lastly, the influence of the solar park is examined. For every semi off-grid location, local generation and
appropriate management of intermittency are crucial for self-sufficiency. Therefore, increasing the size of the
solar park should be beneficial for the system economy, as confirmed by Figure 26 for all costs except battery
depreciation. Figure 31 demonstrates the shift in resources for several solar park sizes.

Source of energy

B Grid connection
600 B Fuel cell
B Solar
B Battery discharge
L 400 Battery charge
=
=
= 200
[
U
C
L
0
-39.8% -41.0% -
500 43.4%
50 100 200

Solar power (kWp)

Fig. 31: Influence of solar park on the energy source distribution (own work).

In the 50 and 100 kWp solar parks configurations, near maximum grid utilization is observed (30 % energy
deficit), hence the reduction of solar is compensated by the fuel cell. Conversely, the fuel cell cannot fully
benefit from the increase to a 200 kWp installation due to the timing mismatch between peak powers. Instead,
the additional solar power replaces a combination of fuel cell and grid power. Solar utilization rates are 96.0,
91.5 and 80.7 % for the 50, 100 and 200 kWp plants respectively. Since the investment cost of the solar park
is not included in the analyses, it raises the question whether the decrease in total operating cost justifies this
higher investment. From Section 4.4.b it is evident that the solar utilization is influenced by the battery size,
suggesting that a larger solar park is more advantageous when the battery size is increased accordingly.
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5 GENERAL DISCUSSION

This section discusses the previous results in a broader context and compares them to related literature. The first
part provides an overview of all KPIs, followed by the discussion in the second part.

5.1 Simulation overview

Table 8 depicts the KPI’s for all simulations concluded over the year 2023. The row ’Fixed schedule + MLD’
shows the reference case, with a 1-day scheduling horizon, a SoC margin, a 300 kW fuel cell, 1 MWh battery,
30 % energy deficit and 100 kW solar power. In the rolling horizon sensitivity analysis, the reference case is
"Rolling horizon + MLD’ with a 2 + 12 hr horizon. The margin analysis is performed on a 0.5 MWh battery.

Table 8: KPI overview of all performed simulations.

Cale. FC Bat  Utilization Electricity Hydrogen Total

Config time SoH  SoH of solar cost cost cost ( fI; /g/[??gh)
(s/day) (%) (cycles) (%) (k€) (k€) (k€)
Benchmarks
No schedule 0.5 95.9 55 81.3 30.6 63.7 162.0 327
+ MLD 1.5 96.9 62 81.2 29.9 64.8 132.9 299
+ RBS 1.5 99.0 190 66.9 414 60.8 135.9 274
Fixed schedule 0.8 98.1 170 94.9 40.9 25.5 110.5 227
+ MLD 3.0 98.7 184 91.5 38.4 39.2 115.7 234
Rolling horizon 9.0 96.2 136 94.7 39.5 31.3 141.3 285
+ MLD 80 97.6 169 94.9 39.1 33.7 126.0 254
Rolling horizon sensitivity
2+ 4 (hr) 50 96.9 155 94.9 34.8 48.5 146.0 294
2+ 8(hr) 65 97.5 164 94.9 38.2 37.6 130.3 262
Fixed schedule sensitivity
2 (days) 4.5 98.8 186 88.9 38.8 38.9 114.1 230
3 (days) 7.0 98.9 187 90.2 38.7 38.2 1124 227
Fixed schedule margins
Load forecast 3.0 97.3 415 85.2 17.5 113 192.3 388
Mix 3.0 97.7 392 82.6 27.5 82.6 163.8 331
SoC penalty 3.0 96.5 259 77.3 34.1 53.9 153.9 311
Fuel cell sizing
100 (kW) 3.0 97.8 156 93.1 36.2 45.2 108.1 219
200 (kW) 3.0 98.1 179 93.4 35.1 49.7 121.7 246
400 (kW) 3.0 98.8 196 91.5 38.2 40.7 123.3 249
500 (kW) 3.0 98.8 201 92.1 37.8 41.6 129.3 261
Battery sizing
0.5 (MWh) 3.0 98.0 347 78.3 34.6 61.3 143.1 289
2 (MWh) 3.0 98.9 97 100 37.8 35.7 109.5 221
Grid sizing
0 (%) 3.0 99.9 171 92.0 48.1 2.1 100.7 204
60 (%) 3.0 97.6 201 89.5 21.0 103.3 172.8 349
100 (%) 3.0 96.9 207 85.1 0.0 181 220.4 446
Solar sizing
50 (kWp) 3.0 97.9 179 96.0 38.2 60.0 147.7 299
200 (kWp) 3.0 98.9 194 80.7 31.9 30.0 98.0 198
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5.2 Discussion

Firstly, the principal objective of this thesis -robust management of the FCPB site- has been effectively achieved
using two distinct approaches. The rolling horizon strategy, commonly cited in literature (see Table 2), has
proven its resilience to uncertainties, at the expense of simulation duration. Conversely, the proposed fixed
schedule approach, designed to reduce the computational burden, proved highly effective, resulting in a 96 %
reduction in simulation time. Where the calculation time of the rolling horizon approach is comparable to that
reported by Shen et al. 120 s/day [37] and Abdelganhy et al. 40 s/day [39].

From an economic perspective (refer to Figure 18), the introduction of multiple timestep optimisation proved
beneficial, reducing the total operating costs per year by 13 % and 5.2 % for the fixed schedule and rolling
horizon strategies respectively. The hypothesis in Section 3.4, stating that increased solar and grid utilization
made possible by adequate battery scheduling would enhance system economy, was confirmed (refer to Figure
19). In this comparison it should be noted that further optimisation of the single timestep simulations was not
pursued, as these approaches proved to be non-viable solutions in heavily congested grids.

Secondly, health-aware fuel cell operation has been incorporated through an extensive MLD model, able
to describe all known degradation phenomena. As a result, the lifetime of the fuel cell has been increased
significantly, by 32 % and 36 % for the fixed schedule and rolling horizon approach respectively. The integration
of low power, high power and load change degradation, along with varying efficiency levels is unprecedented
within an OPF formulation, narrowing the described literature gap. However, judging from Figure 20, a major
part of the degradation reduction is realised by avoiding low power operation, which could be similarly avoided
by adjusting the lower power limit within a simpler model formulation.

The hypothesis in Section 3.4, which stated that increased fuel cell life would offset increased utility cost,
was rejected for the fixed schedule approach. This is attributed to the hourly scheduling interval of the fixed
schedule, resulting in longer operating hours than required. At the same time, even without MLD formulation,
the fixed schedule approach delivers a close to optimal solution, rendering improvements more challenging.
Finally, it is observed that the stateless optimisation exhibits low power operation for extended periods of time,
where a constant efficiency is not justified. Therefore, the actual hydrogen utilization and costs are expected to
be higher than displayed in Figure 18.

Sensitivity analyses on scheduling and prediciton horizons initially show contradicting results. However, it
should be noted that the three rolling horizon cases are considerably shorter than those of the fixed schedule.
In that perspective, it is observed that initially extending the horizon increases the performance while at some
point the benefits plateau, exactly in line with the conclusions from Rezaei et al. [54].

Where the proposed fixed schedule approach greatly outperforms the rolling horizon approach in computa-
tional time, it falls short in robustness to uncertainties, as was also advocated by Shen et al. [37]. To resolve this
issue several margins strategies are introduced to create a more conservative schedule. Although their individual
impact is evident in the case study (refer to Figure 24), it remains uncertain whether these parameters behave
similarly in other system configurations. Additionally, parameter refinement is likely required for real-world
applications presenting a disadvantage compared to the rolling horizon approach.

Another important matter that has been mainly outside the scope of this thesis are the forecasts for system
parameters. Hydrogen and electricity market prices are known a day in advance, posing no considerable issue.
It is the prediction of solar and load that contribute to system uncertainties. A naive solar forecast has been
applied in this thesis, resulting in solar utilization of over 90 % in most scenarios, where the full capacity is not
utilised due to the restriction of battery capacity and no grid feed-in. Therefore investing resources in improving
solar predictions is likely not worthwhile. In contrast, as discussed in Section 4.3.b, load forecasts accuracy
strongly impacts system performance. The section concludes that the better the forecast the fewer margins
are required, contributing to an improved economy. Leading to the conclusion that in absence of sufficiently
accurate predictions a rolling optimisation approach is advised, aligning with Fang et al.’s conclusions [36].
The results show that accurate load prediction efforts should focus on predicting the timing of load peaks
instead of the magnitude, particularly caused by the state scheduling method. This conclusion is supported by
Lima et al. [55], who analogously found that when predicting imbalance prices a predictive distribution (when
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is the highest change of the peak) is more beneficial than a point forecast (predicting the magnitude) when
optimising for revenue.

With the proposed models a sizing analysis on the FCPB site has been conducted, providing practical insights
into their effect on the system economy. Other than hypothesised, increasing the fuel cell size negatively impacts
the system economy, as the five-fold increase in investment does not justify the two-fold increase in lifetime.
Moreover, larger fuel cells necessitate the battery to compensate more for limited dynamic behaviour, contribut-
ing to higher costs. Therefore, it can be confidently said that the fuel cell size should be reduced to a minimum,
only compensating for the power deficit.

An optimum battery size was confirmed to exist, as mentioned by [56], however without identifying the
determining parameters. The battery size analysis indicated that optimal battery capacity correlates directly
with load and solar magnitudes at the site. A further analysis, in the range between 1 and 2 MWh, should
conclude the optimal sizing for the given FCPB site.

Contrary to [40], the proposed models effectively manage semi- and fully off grid configurations without
the need for changing the optimisation. The economic impact of altering grid connections is crucial, due to the
current high price of hydrogen. Future projections suggest a decrease in hydrogen price from 7 €/kg to 1.5 €/kg
by 2050 [2], which could drastically change this outlook. Grid connection size, however, remains beyond the
circle of influence, due to regulatory restrictions.

Lastly, adding more locally sourced renewables improves the system economy. Cheap energy replaces
hydrogen first, depending on battery capacity and power deficit. Although the system economy improves, the
solar utilization share decreases, indicating an imminent trade-off between investment and cost reduction.

Furthermore, several general limitations are to be discussed. Firstly, solar generation data from 2022 was
apprehended since it was the most recent data available. While at the same time the electricity prices of 2023
were utilised due to the war-inflated 2022 prices. This introduces a correlation discrepancy between price and
solar generation. Future research should avoid applying these conflicting datasets.

Another important factor in the SoH analysis is the absence of recent fuel cell degradation data. The
reference degradation values date back to an experimental PEMFC in 2015, while modern commercial fuel
cells likely have increased lifetimes, especially given the US’s department of energy target of 30.000 hr lifetime
[57].

The EMS optimises the system in 15-minute time intervals, similar to all studies in Table 2, in order to
bound the computational burden. In real time applications, only a single optimisation has to be performed,
allowing for timestep refinement and prediction horizon extension. Alleviating this time restriction also opens
the door to a rolling horizon approach with a 24 hr prediction horizon.

In this analysis, the equipment charging demand was assumed to follow a set profile. However, in practice,
equipment may remain plugged in overnight without requiring the entire time for charging. This introduces
another optimisation variable, allowing flexibility in selecting the optimal charging time. For example, only the
battery can be charged over the weekend while equipment could be charged in advance as well.

Finally, fixed safety margins were applied throughout the year. It was observed that larger soc deviations
occur in summer, requiring more conservative margins. In real applications, adopting dynamic safety margins,
would optimise performance based on seasonal requirements.
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6 CONCLUSION

6.1 Conclusions

The research questions stated in the introduction have been addressed to provide a solution for Optimal Energy
Management for Semi Off-Grid Systems with Health-Aware Hydrogen Asset Operation. For the answers to the
initial four questions it is referred to the literature study, the remaining questions are answered below:

5. How to combine the robust optimisation and health-aware operation into a single integrated optimisation
algorithm?

By combining the insights from the literature review, a novel method for robust energy management of semi off-
grid sites with health-aware fuel cell operation was proposed. Robust and economical optimisation was achieved
by applying an OPF formulation within a dynamic timestep rolling horizon framework. In an effort to reduce
computational cost and extend the prediction horizon, the rolling horizon was replaced by a fixed schedule
framework, at the cost of simulation robustness. Secondly, benefiting from the MLD formulation, a binary
variable model able to describe start-stop cycles, load change cycles, low power and high power degradation as
well as multiple efficiency values was introduced. The performance of the hierarchical MLD-OPF optimisation
is evident from the results and discussion: a reduction of 96 % in computational time compared to common
rolling horizons, a total operating cost reduction of 13 % compared to the benchmark, a 32 % increase in fuel cell
lifetime compared to a formulation without MLD framework and independence of accurate solar predictions.

6. What are the decisive parameters within the optimisation framework?

The results and discussion highlight multiple parameters of interest. Most importantly, it was found that ex-
tending the optimisation horizon beyond a day does not contribute to vastly increased performance, even when
weekend patterns are observed. Secondly, in order to cope with uncertainties it was found that scheduling
reserve battery capacity is most economically friendly. The inclusion of safety margins is a drawback of the
proposed model due to their requirement of system dependent fine-tuning. Furthermore, the accuracy of load
predictions is worthwhile investigating further, laying the focus on predicting peak times instead of magni-
tudes. Moreover, it turned out that by providing the right incentives, solar utilization is virtually independent of
prediction accuracy.

7. Given the proposed EMS algorithm what is the impact of asset sizing within the FCPB system?

Foremost, being the backbone of off-grid operations, it was concluded to minimise the PEMFC size since the
lifetime increase of larger systems does not justify the increased investments. The analysis shows that start-stop
cycles are responsible for the largest share of inflicted degradation. Maximum fuel cell power amounting to
a third of the peak load power is deemed sufficient for the investigated case. Secondly, the optimum battery
capacity was found to be correlated to the system’s energy throughput as well as the installed solar capacity.
Although being architecturally different, the optimisation algorithm does not require a differentiation between
fully and semi off-grid site. Varying the contracted grid capacity depicts an evident impact on operational
expenditure, concluding that hydrogen is currently a highly uneconomic solution. Finally, it was found that
increasing installed solar capacity positively influences the cost, although the full potential is limited by the
battery capacity.

In summary, the above answers provide a comprehensive view of the contributions of this thesis. The identified
literature gap—integrating a sophisticated EMS algorithm with comprehensive fuel cell degradation character-
istics while maintaining computational efficiency—has been addressed. The results show that the semi off-grid
site can be robustly optimised throughout a year with a 13 % decrease of operating costs and a 33 % improve-
ment of lifetime, all while requiring only 5% of the computational effort, thereby successfully narrowing of the
gap. Closing the literature gap would be achieved by incorporating the insights from the subsequent section.
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6.2 Recommendations

Based on the conducted research, valuable insights have been discovered in the field of health-aware operations
as well as microgrid optimisation. Especially, during the implementation of the models new findings and ideas
arose that could be part of future research. First, with respect to the MLD model of the fuel cell, several
refinements could be implemented. In this thesis, three distinct power producing states are applied, while
judging from their continuous profile, the degradation and efficiency are more accurately modelled within, for
example, ten states. This extension would also allow for a better incorporation of load change degradation since
it is dependent on the fluctuation magnitude. Additionally, it is recommended to study the applied degradation
costs, where the focus should be on applying costs that avoid unwanted behaviour instead of being accurate.

Moreover, since the proposed models are based on somewhat outdated degradation values, it is strongly
advised to validate these characteristics for the implemented system.

Thirdly, due to the focus being on fuel cells, the degradation characteristics of the battery should be taken
into account more prominently. Factors like DoD, C-rates and storage SoC do influence the lifetime. The
proposed MLD framework could similarly be applied for this purpose.

Resulting from the findings in this thesis, it is strongly advised to shift the research attention to predicting
the load demand of charging construction vehicles. Or alternatively, it would be advised in real-time operation
to steer charging to certain time windows, thereby improving the prediction accuracy.

When it comes to accounting for uncertainties this study proposed several strategies for safety margins. The
magnitude of these margins were experimentally tuned to the worst day in the year. Future research could be
focused on adaptive margins improving the economical results on less demanding days.

In order to optimise computational burden, the scheduling optimisation applies a time interval of an hour.
The system’s hydrogen usage and fuel cell degradation could benefit from a smaller interval, reducing the
operating hours of the fuel cell.

Furthermore, in real-time applications when calculation windows allow for it, it should be advised to include
information to the fullest extent in the decision making. There is no evidence presented in this study that show
reduced benefit of including more information. Therefore, a rolling optimisation approach with a horizon of at
least 24 hours is always advised.

Finally, the successful implementation of the EMS into an semi off-grid system relies on local stable control
of the actual power flows. To this purpose, the literature review provides an extensive background suggesting
multiple solutions. Future research should validate the adequacy of these solutions, especially in terms of
stability.
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B SYSTEM SPECIFICATION

This appendix provides an overview of all system parameters used in the optimisation problems. The values
stated here correspond to the standard system layout, used in the benchmark study. In the sensitivity analysis
values may deflect as is be stated in the main body of the thesis. Parameter values based on a source have already
been mentioned in Section 3.

Table B.1: Overview of all system parameters, the quantities that change over time are indicated with a *.

Parameter Value Parameter Value Parameter Value
Battery Fuel cell Solar
Pras 500 (kW) P 300 (kW) P ™ 100 (kW)
Pin -500 (kW) PLin -3 (kW) Pin 0 (kW)
Ag see Eq (B.1) (€/kW) g 0 (€/kW) Ao 0 (€/kW)
Eeop 1000 (kWh) n see Table 2 (%) Moss 7 (%)
Neh 95 (%) Py 20 (%/s)
Ndisch 95 (%) Prd 20 (%/S)
CAPEX 600 (€/kWh) CAPEX 1000 (€/kW)
Lifetime 6000 (cycles) Lifetime 25000 (hr)
Cglate see Eq B.2 (€/hr)
Cswitch gee Eq B.3 (€/cycle)
Electricity grid Hydrogen grid Demand load
P 0 (kW) Pros 0 (kW) - -300 (kW)
Pin -55 (kW) Pin —o0 (kW) Pin* -300 (kW)
Ag ¥ 20 + day ahead price (€/kW) Ao 220 (€/kW) Ao 0 (€/kWh)

The cost assigned to the operation of the battery (both charge and discharge) is equal to its depreciation costs
according to:

CAPEX - At
ABAT — €/kW B.1
¢ 2 Eegp - Lifetime ) ®-1)

where At is the time between simulation steps, equal to 0.25 or 1 hr and the factor 2 arises from a full charge
and discharge cycle. The degradation costs of the fuel cell states and switches are recovered from the reference
values &, in the literature (see Table 1 and 2) with a unit of ;V/hr or V/cycle. These have been converted to
€/hr and €/cycle, assuming an EoL criterion of 10 % (or 0.07 V) at nominal power (see Section 4.1.a, by the
following equations:

1 §
state _ CAPEX - ref €/h B.2
C¢ (Lifetime to07) (€M -2
Cswitch — CAPEX - % (€/cycle) (B.3)
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C VALIDATION

The objective of unit tests is to systematically validate the behaviour of the proposed methods. This is achieved
by visual inspection of the output as well as manual calculations to verify the correctness. These tests will be
performed on the last week in May 2022 due to some exceptional prices and weather conditions. All required
code changes to simulate the unit tests are documented separately and all system parameters are present in spe-
cial configuration files; see, for example, Figure C.1. This approach ensures the repeatability of the experiments.
Table C.1 shows the conducted unit tests, the measured variables and expressions and the intended goals. The

detailed analysis of each test is intentionally left out for clarity, however, it should be noted that all experiments
were successfully finished.

Hydrogen
Electricity

Hydrogen source Hydrogen meter

Fuel cell

Allocation point Grid connection

Fig. C.1: Asset configuration of unit test 1 (own work).

Table C.1: Summary of performed unit tests, their measurements and goals.

Configuration

Recorded expressions

Goals

1. Simple FC with
dynamic contract
2. MLD FC with
dynamic contract
3. MLD FC with
demand load
4. MLD FC with
imbalance contract
5. MLD FC with
fixed schedule
6. Battery with
fixed schedule
7. Solar with
fixed schedule
8. Demand load with
fixed schedule
9. Battery with
rolling horizon
10. MLD FC with
rolling horizon

electricity and hydrogen power
utility and asset cost

states, state switches, powers

electricity and hydrogen power,
states, state switches, asset cost

electricity power, utility cost

scheduled and actual powers,
scheduled and actual utility cost
electricity power, asset cost
scheduled and actual SoC

scheduled and actual powers

scheduled and actual powers

electricity power, SoC, asset cost
and utility cost
electricity power, utility cost,
states and state switches

Validate ramp rates, efficiency,
cost of hydrogen and cost of asset

Validate states, state switches and efficiencies.

Trigger all states and state switches,

check efficiency and ramp rates

Validate principles work for other electricity

markets as well

Schedule and actual power should match when
perfect foresight is included for a dynamic contract

Validate battery SoC tracking and

implementation of deviation penalty
Validate no unnecesary curtailment and

predicted values
Validate predicted values

Validate rolling horizon strategy
with a battery alone
Validate states and switches
and compare with tests 2 and 5.
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D LITERATURE REVIEW

See next page.
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ABSTRACT: The recent past has shown an increased interest in DC microgrids, addressing the need of ef-
fective local integration of renewables. Along with green hydrogen fueled back-up power these microgrids
provide a C'O,-free alternative for congestion areas or remote locations. This literature review aims to identify
the challenges related to asset safety, DCMGs design and PEMFC degradation. Consequently, insights into
optimal optimisation algorithms is provided, taking these characteristics into account. The findings indicate that
isolated DCMGs are prone to stability issues, adequate safety devices are scarce, PEMFC degradation cannot
be ignored and optimal optimisation is computationally expensive. Nevertheless, this literature review provides
an extensive foundation to develop a robust EMS for hydrogen backed semi off-grid sites.

CONTENTS 5 Control strategies 23
5.1 Local DCMG control . . . . ... .. 23
1 Introduction 1 5.1.a Centralised, Decentralised
. . and Distributed . . . . . . .. 24
2 Asset Risk Anglysm 2 5.1.b  Droopcontrol . . . . ... .. 24
2.1 Battery risks . . Lo 2 5.2 Energy management methodologies . 25
2.1.a Degradation and safety . . . . 2 o .
21b  Safe desion of battery svstems 3 5.2.a optimisation formulation . . . 25
g y sy .
2.1c Safeoperation . . ...... 4 5.2.b Real-time energy management 26
22 Fuelcellrisks . . ... ........ 4 5.2.c  Solving methods . ... ... 27
2.2.a Safe design of PEM Fuel Cell 53 Conclusion . ............. 27
systems . . . . ... .. ... 4
23 PVrisks . ... ... ... ... s 1 INTRODUCTION
2.3.a Safe design of PV installations 5
24 Conclusion . . . . . . . . . ... ¢  With the rapidly increasing housing demand and
decreasing building permits due to NOx emissions,
3 Safe design of the DCMG 6 the need for emission-free building sites arises. A
3.1 Systemdesign. .. .......... 6  semi-off grid battery and fuel cell combination or in
3.1.a DC vs AC microgrids . . . . . 6 short the FCPB (Fuel Cell Power Bank) is targeted as
3.1.b  Topologies . . ........ 7  apromising solution for this purpose. With restricted
3.1.c  Unipolar and bipolar configu- access to grid energy on these locations the FCPB
rations . . . . . . . . . . . .. 8 is able to provide a continuous supply of renewable
3.1.d Grounding methods . . . . . . 9  energy for charging electric equipment. The main
3.1.e Flectrical standards . . . . . . 10 assets of the system are currently known and a first
3.2 Continuous operations . . . .. ... 12 technical design has been made. As a next step, an
3.2.a Systemfaults . ... ..... 13 optimisation of several designs aspects should be
32b Protection devices . . . . . . 13 carried out and a robust control strategy should be
32.c Protection schemes . . . . . . 16  applied. The optimisation at hand will be addressed
33 Conclusion . . .. .. ... ..... 16  in this thesis where the major focus is on guaranteeing
safe autonomous operation.
4 Fuel Cell operational characteristics 16
4.1 Degradation by component . . . . . . 17 The flexible FCPB platform asks for a sturdy EMS
4.2 Operational impact on degradation . . 18  that is able to cope with the different renewable en-
4.2.a Idlingstate . .. ....... 18  ergy profiles, asset combinations and user demands.
42b Highpower . ... ... ... 19 Obviously, a user asks for the best economical usage
42.c Dynamicloads . . ... ... 19 of the system that might overlook safety concerns.
42.d Start/Stopcycles . . .. ... 20  Therefore, the need for a reliable fundamental layer
4.3 Costscomponents . . . . . ... ... 20  of safe operation arises. The goal of this thesis is
4.3.a Quantification of degradation =~ 20  to develop the aforementioned fundamentally safe
43b Health aware operation operation layer and integrate it with the (adapted)
strategies . . . . . ... ... 22 EMS system of Emmett Green. The outcomes of the
44 Conclusion . ... .......... 22 thesis should aid a rapid implementation of the FCPB
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for emission-free construction sites, relieving the
Dutch housing and nitrogen crises on top of reducing
the greenhouse gas emissions.

The structure of this literature review comprises four
distinct chapters, each dedicated to addressing spe-
cific research questions. Chapter 2 will focus on iden-
tifying the risks associated with the assets. Following
this, Chapter 3 will delve into discussions concerning
the safe architecture of a microgrid. Subsequently,
Chapter 4 will center its attention on exploring the
relevant fuel cell characteristics, while Chapter 5 will
undertake the analysis of control strategies. Pertain-
ing to the integration of insights from the preceding
findings multiple strategies for a robust control algo-
rithm of the FCPB are proposed and compared in the
final thesis document.

2 ASSET RISK ANALYSIS

As an initial step in the development of a safety-
conscious design for a microgrid predominantly pow-
ered by Fuel Cells (FCs) and batteries, this section
undertakes a thorough examination of the intercon-
nected assets. The objective is to grasp the safety
implications inherent in such systems and the corre-
sponding methods of mitigation or regulation. The
outcomes of this section offers insights into the crit-
ical parameters that necessitate consideration in both
the design and control phases of the microgrid.

2.1 Battery risks

Sony was the first to commercially introduce the pub-
lic to Lithium-ion Battery’s (LiBs) in 1991. Un-
doubtedly, a lot of effort has been invested into in-
creasing battery performance, safety, ease of manu-
facturing and lifetime. The conquest to the most op-
timal cell lead to an explosion in variety while the
working principle stayed the same. Each lithium-
ion battery exists out of a negatively charged anode
and positively charged cathode separated by a liquid
electrolyte. The electrolyte is an electrical insula-
tor and an ionic conductor, hence a current is gener-
ated in the external circuit. Based on the uncompli-
cated anode-separator-cathode researchers began ex-
perimenting with various exotic materials to adjust
the performance of the battery. An important con-
sequence of the materials selection, is the voltage
potential delivered by the cell, which directly influ-

ences the specific energy density [1]. In addition, fac-
tors as material abundance, costs, environmental im-
pact and predominantly safety should be considered.
Safety enhancement, prevention of thermal runaway
incidents, and mitigation of toxic exhaust emissions
are prominent priorities within the current research
agenda. Figure 1 presents an overview of the per-
formance characteristics depending on the materials
chosen. Noticeable is the fact that each chemistry ex-
cels in one or two Key Performance Indicators (KPIs)
but never in all. The graphite NMC cells, that domi-
nate the recent demand, seem to have found the right
balance between all KPIs. However, the cobalt used
is controversial in terms of material abundance and
socio-economic impact which should also be consid-
ered [2].

# LiCoO, LFP eLT0

Specific energy Specific energy Specific energy
(capacity) (capacity) (capacity)

cost Specific

j power
Life Safety

span

Cost Specific
power

Life Safety
span

Performance Performance

®NMC NCA

Specific energy
(capacity)

Specific energy
(capacity)

Performance

Performance

Performance

Fig. 1: Performance characteristics of different LiB
chemistry’s [3]

2.1.a Degradation and safety

It is for a reason that the notion of safety is included
in the top five KPIs; spontaneous explosion and fire
hazards are intrinsically part of the introduction of
LiBs. Thermal runaway is the main contributor to
this imminent explosion hazard which can be trig-
gered due to a variety of events. Significant research
has been spent to investigate and mitigate this be-
haviour [5]. Degradation of the internal parts due
to (mal)operational are considered to accelerate the
chance of thermal runaway. Solid Electrolyte Inter-
phase (SEI) layer growth, lithium plating, electrode
decomposition and particle fracture are among the pri-
mary mechanisms followed by a longer list of conse-
quent secondary mechanisms, as schematically shown
in Figure 2 [4]. [6] presents an overview of the in-
fluence of design, production and application to the
independent mechanisms.
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Fig. 2: LiB degradation mechanisms [4]

As safety and material selection are closely related an
increased interest in Lithium Titanate Oxide (LTO)
and Lithium Iron Phosphate (LFP) chemistry’ is ob-
served. LFP cathodes are characterised by excellent
thermal stability due to the strong covalent P-O bonds
[7] and absence of exothermic redox reaction between
cathode and anode at high temperatures [8]. Both ef-
fects contribute to the reduction of severance in the
case of thermal runaway. Contrastingly, LTO type
batteries offer a complete different approach to safe
operation by selecting a different anode material. The
LTO anode does not exhibit any volume change dur-
ing the lithium insertion process due to the constant
lattice parameters [9], significantly reducing the me-
chanical stress and accompanied degradation. In ad-
dition, the increased voltage plateau to lithium (~1.55
V) compared to conventional graphite anodes (~0.25
V) reduces the risk of lithium plating and dendrite
growth and prevents the build-up of a thick SEI Layer
[10]. Dendrite growth is associated with separator
puncture and consequent short-circuit while SEI layer
growth is associated with higher resistance and capac-
ity fade.

2.1.b Safe design of battery systems

As the technology matures the safety considerations
of LiBs are more adequately addressed. In the recent
past many authors have applied FMEA methodology

on LiBs in a variety of different applications. Utility
scale Electrical Energy Storage (EES) in combination
with Renewable Energy Sources (RES) are critically
scrutineered in [11, 12] where a distinction is made
between controllable and uncontrollable events on the
system level. On the LiB cell level, the impact on
safety of the previously mentioned degradation mech-
anisms is addressed in detail by [13]. This analysis
provides good insights in how to mitigate hazards by
improving design and correlating usage with degrada-
tion. An example of how to mitigate hazards based on
knowledge of degradation mechanisms is presented in
[14]. The study was able to reduce the severity of
191 out of 289 identified risks from unacceptable to
as low as reasonably possible leaving only one risk
as unacceptable (human error) by applying adequate
monitoring and battery management. Lastly, it is im-
portant to include the use case of the LiB at hand as
[15] demonstrated the increased amount of risks as-
sociated with LiBs in automotive applications. As a
result of the continued efforts to safer LiBs several
standards and design codes have been published to
guarantee a worldwide consensus on EES systems, as
conveniently grouped in [16]. Noteworthy is that the
IEC 62933-5-1 and IFC Chapter 12 do not mention
a vast list with requirements but instead require the
designer to perform a hazard identification and risk
assessment & mitigation analysis. In conclusion, in
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terms of safety LiBs present a unique case due to their
tendency of catastrophic thermal runaway triggered
by numerous possible events. Mechanical, electric
and thermal abuse as well as degradation can trigger
thermal runaway through a cascade of events. Recent
advances in cell chemistry, monitoring systems and
battery management, together with established design
codes and standards path the way to intrinsically safe
LiBs.

2.1.c Safe operation

The studies presented above outline the design and
operational requirements that should be adhered to.
The design of LiBs is outside the scope of this study,
however the operational constraints are a fundamental
part of safe control. As was concluded in the previ-
ous section the degradation of the internal cell struc-
ture is one of the major causes of thermal runaway.
The state of degradation is often referred to as the
State of Health (SoH), and is an important feature in
safety and performance as the control limits should
be adjusted accordingly. The primary control param-
eters that affect the SoH are, State of Charge (SoC),
Depth of Discharge (DoD), (Dis)Charge rate ((D)C-
rate), and temperature. On top of the controllable pa-
rameters there are uncontrollable events as well, like
time and the historical amount of cycles endured. The
estimation of SoH is a hot research topic where a va-
riety of non-destructive methods is outlined by [17].
Hence, from a control perspective it can be concluded
that the control parameters SoC, DoD, (D)C-rate and
temperature should be within their respective limits,
according to the specific LiB at hand and the current
SoH.

2.2  Fuel cell risks

Although the first working fuel cell was demonstrated
in 1839 by Sir William Grove the commercialisation
of the technology has only been accelerated in recent
years [18]. High costs related to the production of hy-
drogen and low oil prices are the main contributors
to this slow introduction. However, with the renewed
interest in emission free electricity generation the at-
tention has shifted away from combustion engines,
paving the way for hydrogen technology. A Proton
Exchange Membrane Fuel Cell (PEMFC), being a
electrochemical cell, has a lot of similarities to a LiB
when it comes to the working principle. It consist out
of a positive and negative electrode separated by an
ionically conductive membrane that is an electric in-

sulator, pushing the electrons to the external load (see
Figure 3). At the anode hydrogen is supplied which
travels through the diffusion layer and reacts with the
catalyst (usually platinum) in the catalyst layer. The
oxidation reaction that occurs, Hy — 2H" + 2¢~ ,
splits the hydrogen molecules into protons and elec-
trons. The distribution plates collects the electrons
while the protons diffuse through the membrane. At
the cathode side oxygen is supplied to react with the
protons and electrons, %Og +2H' + 2~ — H,0,
forming water and completing the electrical circuit.
An effective PEMFC requires several systems to sus-
tain the reaction in the chemical cell. First of all, the
hydrogen should be supplied at a conform pressure
requiring valves, pumps and a control system. Sec-
ondly, proper water saturation is challenging but vital
to avoid drying or flooding of the membrane, mainly
caused by the attraction of water to the anode due to
polarization [19]. Hence a humidifier, its associated
pumps and control should be included in the design.
As a result, a FC system has significantly more com-
ponents than a LiB that can suffer failure.

Electrons, e

-------- i
= LOAD

L |

ccL cepL 'l pp

CGDL: Cathode gas diffusion layer
CCL: Cathode catalyst layer
DP: Distribution plate

op 'l aAGDL AcCL PEM

AGDL: Anode gas diffusion layer
ACL: Anode catalyst layer
PEM: polymer electrolyte membrane

Fig. 3: Schematic overview of the PEMFC working
principle with its components [20]

2.2.a Safe design of PEM Fuel Cell systems

Equivalent to the journey of LiBs, the long history
of PEMFCs has led to numerous studies into safety
aspects of these systems. The primary difference
in safety originates from the fact that a LiB is a
storage device while a PEMFC is only converts
chemical energy into electrical energy. Hence the
catastrophic thermal runaway that follows from
the release of the stored energy is not observed in a
PEMFC. However, the energy storage medium, in this
case the hydrogen tank, is still a major safety concern.
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As is the case for LiBs, PEMFC are prone to
degradation caused by thermal, chemical and me-
chanical cycles experienced during their operational
life [21], which will be further discussed in Section
4. The key difference is that this degradation only
results in a reduction in efficiency and power [22],
or in severe cases it can cause a controllable fire
[23]. Multiple studies have applied a FMEA analysis
on PEMFC to outline the associated risks. The
stationary PEMFC in a microgrid is addressed in [24]
together with the applicable SAE, ISO and NFPA
standards and design guidelines. In their FMEA the
hydrogen storage and valves are given the highest risk
priority. Interestingly, [25] applied a risk analysis to
conclude that the refuelling process actually involves
higher risks due to higher change of failure. A
significant portion of the guidelines originate from
the automotive industry where a vast amount of
effort is spent in creating a safe environment for
hydrogen fuel cell vehicles. The National Highway
Traffic Safety Administration (NHTSA) published
an extensive report with a 26 page long FMEA table
together with standards that should cover each failure
mode [23]. They conclude that almost all failure
modes, except for tank rupture, can be adequately
monitored and therefore the risks are acceptable.
[26] underlines this conclusion with the statement
that fuel cell vehicles do not pose a greater danger
than conventional ICE vehicles. More recently,
[27] compared the risk matrices of a PEMFC with
and without safety measures to conclude that risks
associated with onboard hydrogen storage and supply
systems have been reduced to levels that are as low as
practically possible. The remaining issues related to
uncontrollable explosions due to fires or accidents can
be mitigated by requiring sufficient distance between
hazardous hydrogen containing assets as described
in the Dutch ‘Publicatiereeks Gevaarlijke Stoffen’ [?].

The risks assessments described above present a
positive outlook for PEM Fuel Cells. It is underlined
by most studies that by applying existing safety de-
vices the risks involved can be reduced to acceptable
levels. Multiple renowned organisations describe
codes and standards in order to guide designers to
a system that mitigates most risks. Explosion of
pressurised hydrogen storage facilities is identified
as the most prominent failure mode due to the
uncontrollable situations that can cause it. However,
guidelines exist to mitigate the severity of these

events as well. The above discussion highlights the
design aspects that contribute to a safe PEMFC, the
discussion on safe operation is highlighted in more
detail in Section FC.

2.3 PV risks

The earliest solar photovoltaic (PV) cell was created
in 1883 by Charles Fritts, achieving 1% efficiency
with Selenium. The technology was later boosted by
a publication of Einstein and the unlimited financial
resources during the space race to become a cost ef-
fective alternative to fossil fuel powered generators
[28]. Current PV panels usually consist of a nega-
tively and positively doped silicon semiconductor un-
der a glass plate. When solar rays are incident they
knock an electron free from the atoms. The doping
results in a build-up of electrical charge creating a
potential. When a circuit is connected the free elec-
trons recombine with a free spot (hole) on the other
side of the material sandwich. This process is con-
tinually repeated with a highest reported energy effi-
ciency of 26.1% [29]. The relatively low efficiency is
a combined effects of losses like the atmosphere and
front contacts blocking light or silicon only allowing
certain wavelengths of light. Significant research has
opted a variety of solutions to these problems which
increase electrical efficiency up to 47.1% [29], usu-
ally at the cost of cost efficiency. Besides efficiency
the increase in safety is also a major research topic as
will be discussed in the following section.

2.3.a Safe design of PV installations

The introduction of intermittent renewable power
sources as PV into small DC-microgrids brings sev-
eral challenges regarding stability and reliability to
the table. Although being a mature technology that
is prone to failures [30] claims to be the first attempt
at creating an extensive (public) FMEA of PV sys-
tems. The study concludes that the grounding sys-
tem and inverter possess the highest RPN number.
[22] describes the fault universe that is observed in a
PV dominated DCMG and concludes that the failure
modes merely result in a decreased power input to the
DCMG. A similar list of faults is identified by [31]
together with fault detection techniques. The study
advocates a fault detection method that is robust to
changes in the micro-grid and PV configuration. The
list of faults is further developed by [32], who cate-
gorised them in a schematic overview. Lastly, [33]
performed an in-depth analysis on component level of
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the DC-DC boost converter that connects the panels
and grid since they identified the boost converter as
dominating factor in system reliability.

In addition to the perceived fault mechanisms the lit-
erature discusses field data of the occurrence of these
faults as well. [34] presents an elaborate overview of
failure data that is directly suitable for applying in an
FMEA. An example of this data is provided by [35]
who reported several interesting conclusions from 63
small to large scale PV plants in Spain and Italy. For
example, proper maintenance reduced the amount of
failures irrespective of the plants age, smaller plants
(<750 kW) endure twice the amount of failures per
panel compared to larger installations and the highest
amount of failures is observed in the monitoring
systems, communication systems and inverter. All
this input was used by [36] in an up-to-date FMEA,
assigning the highest safety priority to hidden cracks
in hot spots, isolation faults of underground cables
and poor welding during manufacturing. Ultimately,
it should be noted that the roll-out of large scale
PV-arrays has not been hindered due to safety issues
as was the case for hydrogen technologies. This is
mainly due to the vast amount of standardization
and design codes that are developed by respectable
institutions (ASTM, NEC, IEEE, IEC, SEMI, UL), as
is neatly summarised in [37].

It can be concluded from the above analysis that the
mechanisms behind PV faults are well understood.
Although the studies do not present an unambigu-
ous answer to the dominant failure mechanisms, con-
verters and grounding issues are mentioned most fre-
quently. Due to presence of sufficient field data trust-
worthy FMEA results are available. With the inte-
gration of abundant design standards, the outlook for
safe photovoltaic (PV) installations appears exceed-
ingly promising

2.4 Conclusion

The purpose of this section was to identify the risks
associated with the assets that could hinder the safe
implementation of the FCPB. Regarding LiBs it was
found that controlling the SoC, DoD, (D)C-rate and
temperature within their respective limits, taking into
account the current SoH, should prevent catastrophic
thermal runaway. Furthermore, the risk analysis per-
formed on PEMFCs identified the explosion of pres-
surised hydrogen tanks as the highest priority risk,

with the notion that guidelines mitigating the occur-
rence and severity exist. Especially when adhering
to the PGS guidelines, the implementation of hydro-
gen power for the FCPB application is feasible. It
is referred to Section 4, for the safe operational lim-
itations of controlling a PEMFCs stabilised DCMG.
Lastly, the widespread acceptance of solar PV plants
have lead to extensive understanding of PV failure
mechanisms and adequate prevention. Given the uni-
directional power flow the introduction of PV plants
into the DCMG does not append significant chal-
lenges.

3 SAFE DESIGN OF THE DCMG

3.1 System design

Physical design of microgrids plays a crucial role in
the safety characteristics of the realised system. Al-
though the relative recent flourishing of microgrid im-
plementations due to the introduction of locally pro-
duced renewable energy extensive research has been
conducted on potential design improvements. Mi-
crogrids are often assessed on their stability, power
quality, reliability, flexibility and resource utilization
[38, 39], as well as suitability to the FCPB project
and cost effectiveness. This section will present an
overview of literature efforts to characterise the pos-
sibilities and challenges in DCMG design.

3.1.a DC vs AC microgrids

Alternating current (AC) has dominated electricity
distribution networks for years due to numerous ad-
vantages over Direct Current (DC) distribution. How-
ever, the rise of localised renewable DC energy
sources (PV, fuel cells) and DC energy storage tech-
niques have opened the door to the re-introduction of
DC distribution in microgrid applications. This sec-
tion will discuss the (dis)advantages of a DC micro-
grid (DCMG) over its AC counterpart according to
several reviews.

Starting with an observed efficiency increase due to
the reduced amount of AC/DC converters required re-
lated to DC renewable generation sources, storage and
loads [40]. This effect is amplified by the DC nature
of most electric loads, that are often equipped with
AC/DC rectifiers to comply with AC sources. More-
over, a rectifier can conveniently switch its operation
mode allowing a DC input, diminishing the need for
new equipment [41]. In addition, a DCMG does not
suffer from traditional AC shortcomings as frequency
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Table 1: Advantages and disadvantages of AC and DCMGs
Advantages \ Disadvantages
. Absence of inertia results in decreased stability
Less required converters
Suitable for most AC as DC loads Inclusion of CPLs leads to instability
. . Fast fault current dynamics due to capacitive
DCMG | Easier power quality control st iz
Economically a better technical solution Uil ienelosad seftay mmilktioms
High power transfer capabilities Underdeveloped electrical design standards
. N Requires frequency modulation
Zero current crossing assisting in arc
ACMG extinguishing during faults Reduced efficiency due to skin effects
Lower system cost Inrush currents due to transformers

regulation, skin effects and inrush currents caused by
transformers [42]. Finally, the power density in an
equivalent cable is a factor v/2 higher in DC compared
to AC [43].

Undoubtedly, not only advantages are observed. Con-
cerns about the safety and stability of the DCMG are
the fundamental incentives of this research into re-
newables DCMGs. Stability issues are related to the
negative incremental impedance of Constant Power
Loads (CPL), that can cause current spikes [44].
While safety concerns arise due to a lack of inertia
and the accompanied fast fault currents, tightening the
response-time requirements for safety devices [45].
Moreover, the underdeveloped standards and protec-
tion techniques pose a limitation for widespread im-
plementation [41]. A summary of the above analysis
among other effects is depicted in Table 1.

3.1.b Topologies

A DCMG can be designed to match the characteris-
tics of a certain application by changing the topology
of the busses. In real-world applications there are
infinitely many configurations, nevertheless a simple
classification method is presented in literature. This
section will shortly discuss the different classes and
present a summary of the previously mentioned
performance characteristics at the end.

The single bus, or radial bus, is the most simple
method of connecting the different assets in a DCMG.

This lay-out allows for a directly connected Energy
Storage System (ESS), despite not being required.
Connecting an ESS directly results in inherent stabil-
ity at the cost of not being able to control the voltage
and ESS charging cycles [38]. A single bus can be
characterised as low maintenance and cost effective
[41], while the reliability can be increased by adding
more assets [39]. Although being simple the inclusion
of several parallel converters might result in uneven
loading and circulating currents [46]. Lastly, the lack
of redundancy is paired with easy fault detection at
the cost of a lower availability [47].

A straightforward extension of the single bus topol-
ogy by adding supplementary busses is referred to as
the multi-bus topology. The main merit lies in the in-
creased redundancy and accompanied availability due
to effortless fault isolation, increasing the operational
cost efficiency [48]. Multiple busses can be mounted
in series or in parallel opting for a high design flexibil-
ity [41]. For example, an appliance can be connected
to two parallel busses with auctioneering diodes for
increased reliability [38]. In an attempt to increase the
stability and reliability the multi-terminal structure is
proposed which adds more than one grid-connection
[39]. Fundamentally this addition is not tied to a dis-
tinct topology, however an application that requires
this level of reliability is matched to the advanced
topologies mentioned below [38].

An interesting variant of a multi-bus topology is
the ring-bus, creating a closed loop with the busses.
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Table 2: DCMG topology characteristics
. yere Inherent Protection o pers
Cost Reliability | Redundancy Stability strategy Suitability
When ESS
Single | Very Low Low Very Low directly Easy High
connected
Multi-bus | Low Low Low No Easy Moderate
Multi-terminal | Moderate High Moderate No Moderate Very Low
Ring | Low High Moderate No Difficult High
Ladder | High Very high  Very high No Difficult Low
Zonal | High High High No Moderate Low

Again the main merit is the increased reliability dur-
ing faults at the cost of increased cost and complexity
[38, 41]. The possibility of bidirectional power flow
poses some complexities in the safety and control de-
sign of the grid, however numerous studies propose a
solution for it [39].

Extending the complexity even further one would ar-
rive at the mesh-bus topology. The redundancy and
availability are significantly increased by connecting
several single and ring-busses together to form a lad-
der structure, as applied in crucial application like dat-
acentres and naval ships [39]. This system eliminates
the changes of single point failure due to open cir-
cuit faults when coupled with Intelligent Electronic
Devices (IED) [48]. However, limited applications
are demanding enough to justify the associated dif-
ficulties in design of control and protection strategies
[45, 47].

Lastly, a subvariant of the mesh topology is classified
as the zonal-bus topology where several generators,
loads and a grid connection are grouped in zones and
zones are connected by multiple busses [38]. This
would be preferred when many assets are combined
over larger physical area while achieving a high
reliability [48]. As is the case with the other elaborate
topologies the demerits are found in challenging
coordination and control [47].

In conclusion, literature presents a concrete classifi-
cation of DCMG topologies, where the application is
crucial in deciding a distinct design. As mentioned
before several performance characteristics are applied
to assess a design topology. A convenient summary
of these characteristics is presented in Table 2, and a
schematic overview in Figure 4. The suitability col-
umn is related to the FCPB application employing a

limited single grid connection, ESS, PEMFC and PV
array.

3.1.c  Unipolar and bipolar configurations

Besides the topology of the DCMG another im-
portant design aspect is the configuration, which
distinguishes between unipolar and bipolar variants.
A unipolar DCMG is the conventional choice where
the DC bus consists of a positive and a neutral wire
while a bipolar configuration adds a third negative
wire. The introduction of the third wire has sev-
eral advantages over the 2 wire configuration, as
discussed in [39, 46, 47, 49]. Most importantly,
it offers the possibility for different voltage levels,
where assets can be installed between neutral and
positive/negative, or between positive and negative,
allowing more assets to be integrated with reduced
losses and of-the-shelf converters [50]. With that
the maximum potential to ground reduces as well
and the fault clearance capacity increases due to the
neutral line. Furthermore, the reliability of the system
increases due to the partial continued operation under
fault of one of the lines. Finally, existing 3-phase AC
systems are easily retrofitted as the same 5 conductor
cables can be utilised.

On the downside, the system comes with additional
cables and an asymmetrical implementation of the
loads cause an imbalance between the lines. The latter
is considered as the main drawback as it requires sup-
plementary devices and more complex control. The
concerns can be addressed by either adding a volt-
age balancing device or connecting one of the loads
or generators, preferably an ESS, to all three poles.
Fortunately, the wide availability of voltage balancing
devices for multiple applications alleviate the restric-
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Table 3: Properties of the grounding devices [38, 45, 46, 51, 52]
Touch Fault Fault ride-  pers
Stray current potential | detection | through Reliability
Ungrounded | Negligible High Difficult  Yes Low
Solid . ..
grounding High Negligible Easy No Low
Reszstai?ce Low Low Adequate Yes High
grounding
Diode | Moderate/ Moderate/ .
grounding | Low High Easy No High
Thyristor | Moderate/ Moderate/ .
grounding | High Low Easy No High
tion of this configuration [50]. 3.1.d Grounding methods

Grounding of DC distribution networks is an impor-
tant design variable due to the high impact on safety
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and stability. The suitability of a grounding method
is influenced by the system architecture, protective
design (which is discussed in Section 3.2.c) and AC
grid grounding arrangement [51]. Primary properties
of an effective grounding design are minimizing stray
current and its associated corrosion, guarantee safety
to humans by minimizing the touch potential and fa-
cilitate Pole-to-Ground (PG) fault detection [53, 52],
as well as secondary features as fault ride-through
and immunity to network noise [51].

When it comes to grounding in DCMG applications
a distinction between system grounding which refers
to the busses and equipment grounding which refers
to conductive component enclosures should be
made [52]. In addition, the notions of grounding
configuration (where is the connection made) and
grounding devices (how is the connection made) are
introduced [46]. The standardised name convention
for the grounding configuration is described in IEC
60364. This code prescribes the first letter, either T
or I, to the system grounding meaning connected or
not connected to earth respectively. Likewise, the
second letter, either T or N, refers to the conductive
parts being connected to earth or neutral respectively.
For the TN configuration a couple of sub-classes
have also been mentioned in literature to increase the
performance, especially in bipolar DCMGs, namely
TN-S, TN-C and TN-C-S [40]. TN-S is proposed to
increase the Electromagnetic Compatibility (EMC)
by adding a separate Protective Earth (PE) line, while
TN-C opts cost efficiency by combining the PE and
Neutral line into a PEN line. Adopting the benefits of
both, the TN-C-S is the most elaborate configuration,
as schematically shown in Figure 5.

The unavoidable trade-off between stray current and
Common Mode Voltage (CMV) is a matter of open
discussion for DCMGs due to the lack of maturity
and standardization [38]. The solid earth connec-
tion in TT and TN configurations result in leakage
currents, inducing corrosion in the nearby metal
objects. Yet, ground faults are easily detected by
current monitors and systems disturbances are better
absorbed [51]. An important remark, with solidly
grounded DC sides is that the AC side cannot be
solidly grounded as this would imply a short circuit
path, hence the need for isolation transformers [54].
Ungrounded (IT) systems on the other hand suffer
from potentially dangerous touch potentials (<60

V), difficulties of fault detection due to absence of
leakage currents and underdamped voltage transients
[51]. In addition, IT systems are unaffected by an
initial ground fault providing exceeding reliability.
Still, a rapid fault clearance is required because a
second ground fault can create a short-circuit with
considerable accompanied damage.

An alternative to the binary choice between grounded
and ungrounded systems are meant to combine the ad-
vantages, or alleviate the disadvantages of both sys-
tems. For example, high resistance grounding en-
ables continued operation during initial faults with
safe but measurable ground current for effortless de-
tection [54]. Another extension to solid grounding
scheme is the inclusion of a diode which allows cur-
rent to flow only from the ground into the system.
If the CMV is above a threshold stray currents are
prevented, however in practice low voltages are ob-
served resulting in bidirectional conductive diodes
[52]. Lastly, a bidirectional thyristor scheme is pro-
posed where the IT system is grounded after a voltage
limit has been observed. The reconfigurable ground-
ing scheme ungrounds the system again upon sensing
areduction of stray current or trips the circuit breakers
when the fault current persists [38]. The properties of
the above mentioned grounding devices are categori-
cally shown in Table 3. With respect to DCMG ap-
plications several studies have proposed to apply high
resistance mid-point grounding due to the increased
safety (half the voltage), ease of detection, primary
fault ride-through and low stray currents [53, 55].

3.1.e Electrical standards

Standardization is mentioned as a major hurdle that
prevents the widespread introduction of DCMGs ac-
cording to the reviews presented above. However, a
classic case of “who was first, chicken or egg” can
also be identified here. At the time of writing, both
standardization and research efforts are one the rise.
The Dutch standardization office (NEN), is the first
to introduce a guideline for implementing renewables
oriented DCMGs, proposing a safety zone framework
[?]. A schematic representation of this framework is
presented in Figure 6, where the required incorporated
safety measure are shown. The standard proposes
TN-S based grounding for zones 1 to 3 , as well as
galvanic isolation of the grid connecting ACDC con-
verter. In addition, it recommends protection gear and
the associated disconnection times for each zone sep-
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Table 4: Overview of standardization efforts of several institutes
Applications | Description
Emergence . .
Alliance DCMG DCMG Recommends architectures and control in DCMG
IEC SEG 4 | LVDC Describes standardization measures up to 1500 VDC
IEC SEG 6 | Microgrids Assess aspects of microgrids in islanding mode

IEC 61557-1:2019 | LVDC distribution systems

IEC 61660 | DC systems
IEEE 946:2020 | DC power systems
IEEE 1547 | ACMG
IEEE 2030.10 | DCMG in rural areas
NEN NPR9090:2018 | DCMG
NEC | DC technology

Describes equipment for testing and monitoring
protective measures

Provides SC calculations for DC installations, however
careful attention to the system configuration should be
taken into account

Guidelines for safe battery operation

SC calculations of different components
Considerations to improve reliability and safety for DC
power systems

Extensive recommendations for AC power systems in
islanding or grid-tied mode, can be extended to DC
applications for most topics

Best practice for design and operation of islanding DCMG
Safety classification and corresponding measures

Some examples of codes within NEC that describe best
practices: 625 (EV), 690 (PV), 692 (Fuel Cells)

Zone 3 | Zone 4

HHE

Large PV Array

Zone 4B

Distribution
Converter

VA %
=
!7:' -ﬁ Zone 4A

: : /]
! Main dc bus : =
: Small wind
¢ turbine
High power sources :
LV Renewable sources ELV Sources ELV Sources
Vi <1500 V Va <1500 V ' Vi <1500 V
Iq > 500 A 4 <500 A

I;<500A | I

: Prosumers

V4 <400 V to GND }
; (£800 V) ;
1 1g < 50 A per device !

Devices

Prosumers bus

Zone 0: Unprotected high-power sources

Zone 1: Fuses or breakers.

Zone 2: Current limited sources and dc-dc converters
Zomes 3 and 4: semiconductor protected

Zone 4A: SELV or PELV.

Zone 4B: USB-C current limited.

Consumers only
Vi <400 V to GND
(£800 V)

Ig <50 A

Fig. 6: Classification of risk zones in DC distribution according to NEN NPR 9090 [50, ?]

arately.

In addition to the NEN, other esteemed institutions
such as the IEC, IEEE, and NEC are actively engaged
in the process of adapting standardization for DC sys-
tems. Following a thorough examination of these var-
ious codes, [45] concluded that the collective guide-
lines offer adequate direction, prompting the sugges-
tion to consolidate them into a singular, specialised
code for DCMG applications. A comprehensive sum-

mary of the relevant regulations documented in litera-
ture is provided in Table 4.

3.2 Continuous operations

In renewable energy-focused semi-off-grid DCMG:s,
a significant portion of safety hinges upon a the design
of a protection system. Protection in this context en-
compasses various facets, including protection from
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environmental hazards, fire prevention measures, and
short-circuit safeguards, all aimed at facilitating con-
tinuous operation. Therefore, the ultimate goal of
protection is to ensure continuous operations. This
segment will delve into the underlying principles pre-
cipitating system disruptions, the associated detection
methodologies, and the endeavours undertaken to mit-
igate adverse effects and ensure sustained operational
continuity.

3.2.a System faults

Disruptions in DCMGs can be categorised into two
main types: arc faults and short-circuit faults. The
former category encompasses series arc faults, which
occur within small connection gaps, and parallel
faults, which arise between different conductors or
ground [56]. In contrast, Short-Circuit (SC) faults
occur due to physical contact between poles of the
system, resulting in either a low-impedance pole-to-
pole (PP) fault or a high-impedance pole-to-ground
(PG) fault [46]. These fault types induce both
transient and steady-state current responses from the
system, with the transient component predominantly
attributed to DC link capacitors and the steady-state
response influenced by the connected assets [46].
Consequently, it is imperative to consider the various
locations where faults can occur, as a fault at the bus
itself poses greater danger than a fault in an easily
isolated feeder [38].

Arc faults are triggered by a decrease in insula-
tion and often associated with PV systems due to the
increased wear by the environment [40]. Series arc
faults, particularly in DC systems, present notable
concerns for several reasons. Unlike AC systems, the
absence of a zero voltage crossing in DC systems
does not inherently extinguish the arc, which is highly
detrimental [57]. Additionally, series arcs often fail
to generate a sufficiently high fault current to trigger
protective devices, often being mistaken for conven-
tional load fluctuations [56]. Furthermore, the noise
generated by series arc faults can easily propagate
to neighbouring lines, impeding quick fault location
and isolation [57]. In contrast, parallel arc faults
draw significant current due to substantial potential
differences, facilitating their detection and isolation.
Consequently, parallel arc faults are managed by the
short-circuit protection devices outlined in Section
3.2.b.

More detrimental to the DCMG and its connected
assets is the occurrence of SC faults. Addressing
these requires good understanding of the grounding,
bus and system configurations [46]. For example, a
single PG fault in a floating system does not trigger
SC currents while in a grounded system it does.
Compared to PP faults, PG faults are more likely to
occur due to their susceptibility to insulation degrada-
tion, wear, tear and rodents, but are less severe [55].
PP faults trigger a sequence of events in converter
interfaced DCMGs, first rapidly discharging of the
DC side capacitors, diode freewheeling of the grid
connecting converter resulting in possible feeding
of the fault current by the AC grid [46]. Moreover,
the current spike causes a voltage drop which in turn
attracts more current of Constant Power Load (CPL)
converters [40]. Blocking this high SC current with
conventional Current Breakers (CB) is not possible
due to the arcing behaviour of DC current, requiring
more sophisticated devices [40]. Mathematical
expressions for the actual produced SC currents are
described in IEEE and IEC standards, however the
inclusion of modern current limiting converters might
overestimate the actual fault current, hence careful
attention is required here [58].

3.2.b Protection devices

The aforementioned challenges posed by the fault
characteristics of DCMGs present significant chal-
lenges on conventional protection devices, primarily
attributable to the rapid current surges and arcing
behaviour. Interrupting or limiting the transient fault
current, that could potentially reach twenty times the
nominal current [46], is of utmost importance for the
protection of the interconnected assets. Reactivity to
fault occurrences within DCMGs must be achieved
within extremely short time frames, ideally within
5 ms [45] or even 0.5 ms [59] to ensure that such
currents remain below twice the nominal value.
Therefore, important properties for protection devices
are speed, performance, selectivity, simplicity and
economy [38]. Significant research is dedicated to
retrofit conventional AC devices performance for the
widespread introduction in DCMGs [60]. Extensive
protection schemes consist of fault current limiting
devices and current interrupting devices. This section
will provide a brief overview of available protection
devices, discuss potential future advancements, and
conclude with a summarizing overview.
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The most straightforward and traditional form of
protection are fuses, which naturally melt upon
experiencing an overcurrent. While their inherent
simplicity is advantageous, they suffer from several
drawbacks, notably the inability to differentiate
between transient and permanent faults, as well as
the requirement for manual replacement following
activation [59]. Moreover, their slow response time
renders them unsuitable for DCMG applications,
although they may serve as a supplementary system
behind more sophisticated devices [40].

A more suitable alternative for DCMG applications
is the DC Circuit Breaker (DCCB), which is capable
of interrupting higher currents with low steady-state
loss and at a reduced cost [61]. Since its inception
in the 1970s, a variety of DCCB designs have been
proposed, among which Molded Case, Vacuum,
and Mechanical Resonant types are particularly
prominent [59]. In addressing the issue of arcing
phenomena, researchers have put forth various
designs for DCCBs, incorporating elements such as
series inductors and uncharged capacitors to generate
oscillating currents that facilitate the creation of
zero-current crossings, thereby mitigating arcing
[61]. More recently, mechanical switching variants
have been complemented by Solid-State (SSCB) and
Z-Source (ZSCB) devices, with the aim of improving
response times [45].

SSCBs are based on semiconductor based switches
and characterised by excellent arcing circumvention
due to the absence of moving parts [62]. Candidates
for semiconductor switches include IGBT, GTO,
MOSFET, and JFET, each offering unique current,
voltage, or loss characteristics. However, this tech-
nology suffers from higher steady-state losses, and
a lack of galvanic isolation in the open state [59].
Necessitating external cooling systems, isolating
switches as well as overvoltage protection circuits all
contributing to elevated costs [62]. To address these
limitations, hybrid circuit breakers have been pro-
posed, aiming to combine the low losses of traditional
MCBs with the rapid response of SSCBs. While
this hybridization presents a promising solution, the
exponential costs associated with such systems have
impeded their widespread adoption [63].

The final interrupting device under discussion is the
ZSCB, which offers autonomous fault response, sim-

ple control, effective isolation, and reduced steady-
state power losses [64]. Additionally, bidirectional
power flow is facilitated while concurrently inhibit-
ing fault-limiting characteristics [59]. However, chal-
lenges persist, including the relative immaturity of the
technology in terms of practical implementation, as
well as the occurrence of unwanted negative currents
at one end of the breaker and the short lifespans of the
SCR switch [64]. Despite these hurdles, the positive
trajectory suggests promising prospects for the future;
however, both HCB and ZSCB designs are not cur-
rently deemed ready for widespread implementation.
An overview of the discussed devices is presented in
Table 5.

Furthermore, to enhance the DCMG protection,
various fault limiting strategies can be implemented.
These strategies encompass the integration of distinct
fault limiting devices, the application of fault limiting
control techniques to converters, or the mitigation of
capacitor currents. Incorporating Fault Current Lim-
iting (FCL) devices in series with DCCBs serves to
reduce their nominal size. These devices possess in-
herent simplicity, operate swiftly and autonomously.
Nonetheless, it is crucial not to overlook their poten-
tial impact on system-wide fault management [65].
Additionally, DCDC converters offer protective fault
current limiting capabilities through adjustments in
the primary control layer [66]. [45] presents a list
of studies that propose schemes for FCL converters.
For instance, [?] applied an adaptive droop algorithm
to DCDC converters, reducing the breaking time
requirements for DCCBs. Lastly, since DC-link
capacitors supply the most substantial fault current
peak, [67] proposed isolating them using fast-acting
ETO SSCBs. In conjunction with FCL converters,
this approach renders the system breaker-less, as the
fault currents become manageable.

In summary, the rapid fault conditions lacking
zero-current crossing present a formidable challenge
for traditional AC protection methodologies. While
the extensive discussion of this issue in literature
has led to the emergence of numerous innovative
protection devices and strategies, refer to Figure 7 for
an overview, few are without limitations and boast
substantial maturity. Achieving an effective protec-
tion scheme likely entails a resourceful combination
of various devices.
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Fig. 7: Overview of protection candidates for DCMGs [40]

Table 5: Overview of protection devices and their main characteristics

Speed (ms) | Steady power losses | Arc prevention | Operational life | Maturity | Cost
Fuses | <100 Very Low No Very Low Very High  Very Low
MCB | <60 Very Low No Low Very High  Low
SSCB | <0.1 Medium Yes High Reasonable High
HCB | <(5-30) Low Yes Medium Low Very High
ZSCB | <0.1 Low Yes Medium Low Reasonable
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3.2.c Protection schemes

Except for fuses and some of the FCLs the afore-
mentioned devices primarily depend on trip signals
to function.  Detecting faults and subsequently
sending trip signals incurs delays influenced by
the communication infrastructure and the chosen
detection method. Various sensing strategies have
been proposed in the literature, evaluated based on
their selectivity, reliability, speed, and system cost.
Selectivity holds particular importance in DCMGs
due to the presence of both temporary and permanent
faults. Minimizing false tripping becomes crucial to
ensure system reliability [40]. Moreover, the speed
of the sensing method inherently affects the response
time of DCCB tripping. A faster detection mecha-
nism translates to quicker intervention, potentially
reducing damage and downtime. Lastly, the cost is
dictated by the amount of devices and communication
infrastructure installed. The reported methods in
literature are consequently ranked on these criteria
where an overview is presented in Table 6.

The simplest methods mentioned are aimed at locally
measuring the voltage or current and acting upon cer-
tain preset thresholds. The fundamental simplicity in
logic and measuring equipment is enticing, however
the associated lack of selectivity and measuring errors
due to rapid transient current constitutes challenges
in DCMGs [46]. To overcome the selectivity issues
and achieve faster response derivative based tripping
control has been proposed. The discrete derivatives
based on Ai or Av require sampling rates of a tenth
of peak current reaching time thereby introducing
noise and possibly faulty conclusions [46]. However,
by combining the information of both current and
voltage derivatives the reliability is increased while
still presenting a fast protection scheme [40]. To ac-
quire even better selectivity, robustness and response
time differential methods, measuring voltage and
current at both ends of each line, are a noteworthy
and straightforward solution. The major drawback
lies in the need for additional measuring units and
fast communication infrastructure [47].

Besides passive local measurement based methods,
active and communication dominated systems are
mentioned as well. For instance, active impedance es-
timation methods involve the continuous insertion of a
spectrum of voltage signals into the system to analyze
the resulting current response, thus determining the

impedance. Through the application of sophisticated
algorithms, these methods can determine fault magni-
tude through the real part of impedance and fault loca-
tion via the imaginary part [46]. Furthermore, emerg-
ing protection schemes applying time or frequency
spectrum-based signal analysis are consistently un-
der development, aiming to achieve rapid fault detec-
tion and precise fault location. However, the inherent
complexity associated with these methodologies often
places them beyond the practical scope of application
within the FCPB system context. For a comprehen-
sive understanding of these advanced techniques, in-
terested readers are directed to [40, 46, 47].

3.3 Conclusion

The intrinsic technical advantages of DC over AC
microgrids have excited a notable surge in research
directed towards addressing the challenges inherent
in DC systems. This section delved into the design
aspects to gain insights into the current landscape
of the literature. System topology and configura-
tion, key determinants of flexibility, reliability, and
cost-effectiveness, are reasonably well understood.
However, given the infancy of the technology, in-
adequate system components, improper standards
and lack of proven protection schemes, a pursuit of
simplicity is strongly advised.

With regard to the safety of DCMGs, various is-
sues have been identified, for which novel solutions
have been proposed. Primarily within the realms of
grounding configuration and fault handling, the inher-
ent drawbacks of DC present significant challenges.
Although a multitude of solutions has been proposed
in the literature, they largely remain within the do-
main of research, resulting in the absence of a stan-
dardised, mature DCMG protection scheme.

4 FUEL CELL OPERATIONAL CHAR-
ACTERISTICS

Section 2.2 has previously mentioned the operational
principles of a PEMFC as well as the associated risks
inherent in its operation. It was deduced that despite
the relative immaturity of complete systems, the op-
erational risks of the PEMFC can be mitigated to ac-
ceptable levels. It is pertinent to note that unlike a
LiB, the PEMFC functions solely as an energy con-
version device, thus in the event of failure, it does

Version: 2



T.S.Edelijn

Table 6: Overview of sensing methods and their characteristics [40, 46, 47]

Selectivity | Reliability | Speed | Cost |

Overcurrent | Low Moderate  Moderate = Moderate
Over/undervoltage | Low Moderate  Moderate Low

Derivative of current/voltage | Moderate  High High Moderate
Differential of current/voltage | High High Very High High

Impedance | Moderate = Moderate  High Moderate
Handshaking | Low Moderate  Moderate Low
Traveling wave | High High High High

Frequency analysis | High High High Moderate

not harbor substantial energy for release. Conse-  The membrane integrity can be affected by thermal,

quently, the primary concern lies in the storage of
high-pressure hydrogen, which is susceptible to ex-
ternal hazards such as fire or accidents. This sec-
tion aims to highlight the operational limits for the
PEMEC to effectively mitigate the safety risks previ-
ously discussed. In addition, performance limits and
lifetime are key aspects in the economical operation
of the PEMFC asset, hence the attention to this topic.
This section will commence with delineating the ob-
served degradation, followed by the operational limits
that reduce this degradation.

4.1 Degradation by component

Being a complex electro-chemical cell, the PEMFC is
prone to a variety of different mechanical, chemical
and thermal degrading effects, that have effects on
the molecular to component scale. Studies that try
to capture all the degradation phenomena commonly
categorise the affects by the component of the FC
[20, 21]. This section will provide insights in the
degradation phenomena observed in the individual
layers.

Recalling Figure 3, the principal components of a
single cell are the Bipolar Plates (BP), Gas Diffusion
Layer (GDL), Catalyst Layer (CL) and the Proton
Exchange Membrane (PEM). Starting with the
membrane, the key component in a PEMFC, which
accommodates the protonic flow while insulating
electrons. Due to the harsh environment the mem-
brane should be mechanically and chemically strong,
while keeping its protonic conductivity low [20].
Nafion membranes, based on PTFE with additional
Fluor and Sulfur groups, are most common due
to their excellent proton conductivity, albeit much
dependent on the temperature and humidity [68].

chemical and mechanical factors. High temperatures
impact the water content and therefore the protonic
conductivity, while low temperatures might increase
the risk of freeze/thaw cycles resulting in mechanical
stresses the membrane [69]. Mechanical failures can
be introduced before the start of operation by a too
thin membrane or manufacturing defects, while dur-
ing operation inadequate humidification or unequal
pressure are the underlying causes [70]. Chemical
degradation is mainly attributed to free radicals that
attack the membrane. The radicals are formed as side
reactions under open circuit voltage (OCV) or low
humidity conditions [69], where the impact severely
increases with temperatures above 90 °C, high gas
pressures and the usage of pure hydrogen and pure
oxygen [71].

The catalyst layer is responsible for initiating the
chemical reaction at both interfaces, with particular
emphasis on the reduction reaction of oxygen at the
cathode, owing to its orders of magnitude slower
dynamics [68]. Typically the CL is composed of
Platinum (Pt) or Pt-alloyed metals supported on
a conductive carbon substrate, submerged in an
ionomer, where the carbon supports the electron flow
and the ionomor the proton flow. The catalyst effec-
tive area is often referred to as the Electrochemical
Surface Area (ECSA), directly impacting the reaction
rate and therefore the power capabilities of the
PEMEC. Over time, a reduction in ECSA is observed
due to various mechanisms. For instance, the carbon
substrate hosting the catalyst may undergo corrosion
due to high cell potential, leading to Pt detachment.
These detached Pt particles subsequently aggregate
onto other Pt clusters, diminishing the available
ECSA [20]. Another significant phenomenon is the
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electrochemical Ostwald ripening process, driven by
concentration gradients, which is accelerated under
potential cycling conditions. During this process,
Pt ions migrate from smaller to larger particles in
accordance with Fick’s law of diffusion. Potential
cycling accelerates the dissolution rate of Pt ions into
the ionomer, which subsequently redeposit on larger
particles, further reducing the ECSA [72]. Besides the
loss in ECSA, shrinking and swelling cycles caused
by humidity cycling result in residual stresses and
finally delamination of the CL, GDL and PEM due
to their different strain characteristics [72]. Delami-
nation of the subsequent layers hinders the electron
flow, hence the ohmic resistance is increased. Ad-
ditionally, it creates higher current density’s in parts
of the cell which are not affected by delamination,
accelerating degradation even further in these regions.

The gas diffusion layer facilitates the distribution of
gases, water, heat, and electrons, serving a multi-
purpose role. Typically, the GDL is fabricated from
carbon-based porous materials with hydrophobic
coatings, commonly (PTFE) [69]. The degradation
of its relatively straightforward functions poses
challenges in its classification, often overshadowed
by more severe mechanisms within the CL and PEM.
Mechanisms outlined in literature include carbon
cracking induced by corrosion, fatigue stemming
from thermal cycling, and diminished hydrophobic
behaviour due to radical attacks [73]. All of which
contribute to a higher gas flow resistance resulting in
lowered reaction rate and slower dynamic behaviour.

Lastly, the multi-functional BP, also denoted as the
distribution layer, which serves to segregate the fuel,
reactants and coolant streams from one another,
collects the current and acts as the main structural
component [69]. The characteristics of a robust BP
should encompass corrosion and chemical resistance,
as well as low weight and cost while retaining elec-
trical and thermal conductivity. Research endeavors
in this domain suggest noble metal-coated steel or
composite graphite materials as prospective solutions
to meet these exacting requirements [69]. The chief
contributor to its degradation is corrosion, resulting
in elevated electrical resistance and diminished power
output, albeit to a lesser extent compared to other
layers within the fuel cell [20].

Based on the aforementioned analysis, it is evident

that all components of the PEMFC experience degra-
dation to varying degrees. The performance of these
fuel cells relies heavily on several key properties: the
electrical conductivity of the components and their in-
terfaces, the extent of remaining ECSA which dictates
reaction rates, the integrity of the membrane to pre-
vent permeability to oxygen and hydrogen, and the
efficiency of mass transfer to supply reactants and
prevent flooding. Consequently, any deterioration in
these properties is likely to lead to a reduction in
power output and should therefore be minimised dur-
ing operation.

4.2 Operational impact on degradation

The preceding section highlighted the degradation
phenomena occurring within the active layers of
PEMFCs, with a notion of the internal contributing
factors. However, practical application demands a
focus on operational conditions rather than abstract
internal behaviours, as operational parameters are
controllable. Accordingly, this section will delineate
literature findings pertaining to the correlation be-
tween operational conditions and internal degradation
mechanisms.

In the context of mitigating degradation, it is prefer-
able for the PEMFC to operate at a constant nominal
current. Studies [72, 74] have identified various op-
erational conditions, such as idling, high load, load
fluctuation, and start-stop cycles, as primary contrib-
utors to degradation. These conditions lead to ele-
vated potentials, water flooding, dynamic states, and
even higher potentials respectively. According to their
research in demanding automotive applications, dy-
namic loads account for 56%, followed by 33% for
start/stop cycles, and 5% each for idling and high
power operation.

4.2.a Idling state

The idling state of the PEMFC can be regarded as
a stand-by mode, wherein the FC primarily pro-
vides power to its internal subsystems such as the
water pump, re-circulation pump, and control sys-
tems, which typically necessitate only 1% of the rated
power. Conversely, the air compressor may consume
up to 15% of the power and is deactivated during
stand-by mode [74]. During idling, the current de-
mand is minimal, resulting in a high potential and in-
creased gas permeation through the membrane. This
elevated potential induces various chemical reactions,
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including the migration of metal ions and Pt dissolu-
tion at the cathode, as elucidated in Equation 1 [72].
The cell potential during idling can reach up to 0.95
V, approaching the cathode potential since the anode
overpotential is negligible [75]. Consequently, Pt dis-
solution typically occurs with the intermediate step of
Pt oxide formation.

Pt — 2¢~ — Pt*t E, = 1.188V
Pt + HyO —2e~ — PtO+2H' Ey = 0.980V
PtO + 2Ht — Pt*t + H,O Ey, = 0.837V

(1)

The increased gas permeation is directly influenced by
the lower reaction rate, pressure build-up, and subse-
quent diffusion according to Fick’s law. The presence
of oxygen at the anode and a favorable potential ac-
celerates the formation of H50O,, which reacts with
metal ions such as Fe?t and Cu?*. These ions, orig-
inating from the bipolar plates (BPs) or the produc-
tion process, participate in Fenton reactions, produc-
ing several radicals [72], along with their associated
consequences detailed in Section 4.1. At the same
time crossover H, might react directly with O on the
cathode in a reaction that results in local hot spots.
Where the increased temperature accelerates Pt dis-
solution and chemical degradation of the membrane
[76]. In conclusion, prioritizing the avoidance of pro-
longed idling periods is imperative.

4.2.b High power

In contrast to idling conditions, high-power operation
is associated with decreased cell potentials, thus miti-
gating many related issues. However, this heightened
operational state also leads to increased reaction rates
and current density, resulting in elevated temperatures
and the occurrence of flooding. Notably, tempera-
ture has been empirically demonstrated to accelerate
phenomena such as Pt particle growth, oxidation, de-
position, and radical formation within the membrane
[76]. Moreover, water flooding impedes mass trans-
port resulting in reactant starvation and the accom-
panied cathode corrosion (see Section 4.2.c). Fortu-
nately, the occurrence of water flooding can be de-
tected by monitoring pressure drop within the cell, en-
abling timely intervention through temporary reduc-
tion of current demand [77]. Consequently, the extent
of permanent degradation is diminished.

4.2.c  Dynamic loads

During dynamic operation, the rise rate of current ex-
hibits significantly faster dynamics compared to that
of reactant supply to the FC, leading to hydrogen,
oxygen, or both being subjected to starvation. The
starvation behaviour results in a characteristic tran-
sient voltage response which over/undershoots and
consequently recovers in time depending on the load
step [78]. Although starvation is transient, it can in-
flict substantial irreversible damage to the cell. Oxy-
gen deprivation at the cathode induces protons gen-
erating hydrogen instead of water, which is experi-
mentally observed at the exhaust under air starvation
conditions [72]. Consequently, adjacent to local ar-
eas experiencing air starvation, the generated hydro-
gen may directly react with oxygen, creating hot spots
that must be avoided. On the other hand, hydrogen de-
privation manifests as either local starvation or global
starvation. The former stems from an uneven dis-
tribution of hydrogen, generating local low-pressure
zones that drive air permeation through the membrane
at these sites. Thereby, reversing the current within
the cell locally, elevating cathode potential and pro-
moting carbon corrosion at the cathode [75]. Under
more severe circumstances, complete anode-side hy-
drogen deprivation can occur, elevating the anode po-
tential from near O V to 2.5 V vs RHE [79]. This re-
sults in the anode potential exceeding that of the cath-
ode, causing the entire fuel cell to reverse polarity,
resembling an electrolyzer. This inherently disrupts
flows and operations, with extreme potentials posing
the greatest threat due to carbon corrosion on the an-
ode side [75].

Secondly, dynamic operations induce fluctuations in
temperature and water content. The degradation re-
sulting from these processes is better understandable,
as both temperature and water content cycles lead
to shrinking and swelling, accompanied by associ-
ated mechanical degradation [80]. Potential cycling
represents another detrimental effect associated with
dynamic loads. Pt oxide formation and dissolution
(as seen in Equation 1) are the primary contributors,
with their consecutive occurrence leading to intensi-
fied dissolution, a phenomenon known as the place-
exchange mechanism [81]. Since both reactions are
influenced by different potentials, this phenomenon is
not triggered under constant power conditions, but oc-
curs during load changes, even at low powers. Over-
all, the dynamic states and fluid starvation induced by
load changes pose a significant challenge to the in-
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tegrity of the PEMFC.

4.2.d Start/Stop cycles

Lastly, phenomena related to start-stop operation are
addressed. During both start-up and shut-down pro-
cedures, the transient presence of air at the anode is
unavoidable, leading to carbon corrosion similar to
the hydrogen starvation process. Electrochemical cor-
rosion of the carbon supports is governed by the re-
actions presented in Equation 2. Although relatively
low equilibrium potentials accompany this reaction,
research indicates that corrosion begins at potentials
exceeding 1 V [75]. Additionally, [82] found that the
lack of current density uniformity in the cell during
start-up results in areas more susceptible to degrada-
tion. Moreover, in subzero temperatures, the freezing
of water induces increased mechanical stresses on the
cell, which should be mitigated [72].

C + QHQO — 46_ — COQ + 4H+ EO = 021V
C+ H,O—2e — CO+2HY Ey=0.52V
(2)

A comprehensive summary of all mechanisms dis-
cussed in this section is presented in Figure 8. The
avoidance of all conditions outlined undeniably con-
strains the practical application of the PEMFC to
a significant extent, a goal not pursued within this
section. Nonetheless, these acceleration effects ne-
cessitating consideration in formulating a success-
ful PEMFC implementation. Idling, high-power, and
start-stop cycles present concrete conditions that can
be avoided. In dynamic operational scenarios how-
ever, complexities arise, as the decision-making pro-
cess incorporates the ramp rate, or speed of upscal-
ing. Slowing the ramp rate mitigates issues related
to starvation and dynamic water management, while
temperature fluctuations are minimised through effec-
tive cooling strategies. Alternatively, preemptively in-
creasing reactant supply to anticipate load changes
can enhance ramp rate capability without inducing
gas starvation from 2% per 0.1 s to 50% per 0.1 s
[83]. Nevertheless, potential cycling (and the place-
exchange mechanism) remains an inherent challenge
irrespective of ramp rate and cycling frequency [72].

4.3 Costs components

The preceding section highlights that the majority of
degradation mechanisms can be classified according

to specific operational conditions. While complete
circumvention of degradation is unattainable, it can
be managed to an acceptable degree. This section
aims to shed light on endeavors aimed at quantifying
PEMFC degradation within operational contexts. It
starts with an examination of methodologies quanti-
fying the observed effects of particular mechanisms,
succeeded by an overview of modeling endeavors
pertaining to DCMGs including PEMFCs.

Determining the operational costs of the PEMFC
entails the consideration of multiple factors. Pri-
marily, the assessment involves accounting for both
Capital Expenditures (CAPEX) and Operational
Expenditures (OPEX). While CAPEX is contingent
upon the manufacturer and falls beyond the scope
of this literature review, OPEX encompasses main-
tenance costs, hydrogen expenses, and degradation.
The latter two elements are notably influenced by
operational conditions, given the fluctuating effi-
ciency levels and degradation rates. Consequently,
the question arises regarding the extent to which each
discrete factor contributes to observable degrada-
tion and how best to model such dynamics effectively.

4.3.a Quantification of degradation

Numerous studies have experimentally demonstrated
that degradation within PEMFC can be quantified in
terms of voltage loss, per unit time or per specific
event. For example, [84] compiled a comprehensive
list of the degradation mechanisms outlined in
Section 4.1, along with their corresponding voltage
loss rates per hour. Notably, flooding, excess heat,
and ice formation were identified as particularly
detrimental factors. In a more practical approach,
[85] assigned empirical voltage decay rates to each
condition mentioned in Section 4.2. By establishing
this direct correlation, the study linked operational
conditions to operational costs, thereby offering on
average reasonably accurate lifetime predictions.
Expanding upon this earlier model, [86] incorporated
additional factors such as the acceleration effects
of temperature and relative humidity, along with a
form of natural degradation, in an effort to capture a
more physical behaviour. Especially, the inclusion
of load change degradation dependent on the ramp
rate appears advantageous, considering the starvation
phenomena discussed in Section 4.2. An alternative
approach was proposed by [87], wherein a model was

Version: 2



T.S.Edelijn ETET

- Open-circuit/ idling e = o : -f-; “
» iy decay

1

) o Dineet reacthuns > Free radical Membrane
) H,0, generation | Fenton’ generation: chcmlcgl
in anode reactions \_ H> ‘OH, ‘OOH degradation i
1
Intensify Debate on effect: H
H Drive moving of metal iong Positive & Negative
i ) e » ECSA decay
Intensified Pt Pt ions Pt precipitation 4 h
ntensifie
T . Pt recipitation:
4 [ dissolution I diffusion in membrane ] ) e
* Potential
|Electrochemical Ostwald 1ipening * Structure and i
shape H
} Direct Cathode: Pt growth and * Concentration and i
! reactions |  thermal load agglomeration distribution
* Amount and size- -
» ECSA decay o
" _ R e e Iy
~----o Dynamic load e---- s = o \

» Decayiniyand R

Mechanical
degradation :
multi-aspects

' . N
PFSA hydration- Shr¥nk1ng-sw.elhng
. > 1n constraint
_ condition )

: P Hydrogen 1

4 [ Air starvation ]—}W[ Cathode: hot spot ] i
i Current E H

) [ Local fuel starvation ]m—)[Cathode: carbon corrosmn]:
1

: Cell T !

) [ Overall fuel starvation ]W[ Anode: carbon corrosion ]:

Pt growth: affected by i
* Size (distribution)

* Support’s conductivity

* Jonomer’s ionic

Mechanicnl\(
— -
fatigue ‘

dehydration

* Tonomer R 1

redistribution
i * Cracks
i * Pinholes

Delamination

Electrochemical

Ostwald ripening
conductivity o/

Pt precipitation > ECSA decay

- - - e -

Intensified Pt
dissolution

Place-exchange
mechanism

o

~.

-~——* Startup-shutdown e- === S=—————— ~
E Loss of catalyst \( Pt catalyst detachment ] E
Inlet/outlet: support k and agglomzratlon
non-uniform >, Eion ceoy
degradation Loss of carbon L
g ™ >( Loss of conductivity frame
o rame k
o Determine
- > Rohm decay
i Carbon corrosion | Loss of carbon g Tonomer :
in cathode frame b redistribution P
]
Affect e i : 2%
Structural dan‘m_,e )( Porosity decay & J = g
R —— and compaction | {_ closed pores g =
non-uniform ’
degradation Oxygen-containing \( Carbon Surface A
! groups production ’ | hydrophilization

) . w Volume expansion: heezmg Mechanical > Decay in
Freezing-thawing g mass transfer
J Frost heave degradation and R,

\~ ’I

Fig. 8: Summary of degradation mechanisms grouped by the underlying operational conditions [72]

Version: 2 21



T.S.Edelijn

constructed to account for steady ECSA loss based
on electrochemical dissolution, as well as transient
ECSA loss based on empirical data. Both steady-state
and transient contributions from the operational
profile influence ECSA loss, with findings indicating
that a 75% reduction in ECSA correlates with a 35%
decline in power output at end of life.

These studies present similar numbers for degrada-
tion rates; a single start/stop cycle causes about 15
uV/eycle or 0.0015% of degradation equalling ap-
proximately 35 load change cycles. Idling and high
power operation contributions are in a similar order
of magnitude between 8 and 12 pV/hr [85, 86, 88].
The costs of degradation can be extrapolated out of
the voltage loss when a certain end of life criterion
has been set and the CAPEX is known.

4.3.b Health aware operation strategies

The models in the previous Section describe the loss
as a function of the input conditions. However, for
the purpose of health-aware operations more sophisti-
cated models are required with the possibility to find
the most optimal deployment strategy. This section
aims to shed light on the modeling approaches taken
in literature to optimally schedule FC operation in-
cluding lifetime consideration. The discussion on dif-
ferent scheduling techniques for DCMGs is elabo-
rated in Section ??. On the contrary, this Section fo-
cuses on scheduling methods that include hydrogen
technologies and its associated behaviour. The fun-
damental characteristics of PEM fuel cells and elec-
trolyzers described by their minimum and maximum
powers, and maximum allowed ramp rate are covered
by all efforts. However, when looking more specif-
ically into efficiency or the inclusion of degradation
many differences arise.

A proper example describing the different schedul-
ing techniques is given in [89] comparing the poten-
tial of Economic Dispatch (ED) and Economic Model
Predictive Control (EMPC) strategies. Both meth-
ods pose an optimisation problem where the latter is
more sophisticated by solving the problem at any time
step given a predetermined prediction horizon. The
problem is consequently solved by either Dynamic
Programming (DP) or Mixed-Integer Linear Program-
ming (MILP). The study concludes that solving the
ED problem by DP is too computationally expansive
while DP is preferred over MILP in terms of accuracy
when solving the MPC problem. Since both solving

routines require linear equations and constraints the
non-linear effects of efficiency are hardly taken into
account. [90] addresses the problem of non-linear
plant dynamics, especially FC efficiency, by execut-
ing the non-linear equations outside the MPC loop,
hence taking them constant in the optimisation.

In an effort to further develop the performance of
the scheduling effort [91, 92] propose multi faceted
MPC algorithms. The purpose is to separate the slow
acting assets as the FC from the rapid acting assets
as an ESS, for the sake of computational efficiency.
Both models also include binary variables that de-
termine the on/off state as to reduce the amount of
start/stop cycles. Extending this binary variable prin-
ciple, [93] introduces Mixed Logic Dynamic (MLD)
for start/stop states and degradation state. The MLD
framework allows for the introduction of the state
variables which in turn is better suited for including
certain degradation costs. The study suggests a MIQP
solving routine since it was found that it is better able
to reduce degradation compared to a MILP solver.
Expanding on the MLD framework, [94] adds cold
and warm intermediate states between on/off/standby
for a more accurate representation of the timeline in
the start-up process. Consequently costs are added
to the state changes, however without taking into ac-
count how fast it changes. In a later study [95], the
same authors go back to a 3 state system to alleviate
the complexity and focus on a double MPC to better
describe the fast acting assets.

Although, many effective efforts regarding the
scheduling of hydrogen assets in microgrids have
been presented above, none of them includes suffi-
cient degradation dynamics as discussed in the models
from Section 4.3.a. Finally, [96] does includes an em-
pirical voltage degradation model aiming to prevent
start/stop cycles, high power and fast ramping into an
ED framework however the scheduling accuracy lacks
far behind the studies mentioned before. A summary
of this section is presented in Table 7, which clearly
depicts the shortcomings of the proposed works and
the possibilities of this work.

4.4 Conclusion

This section delved into the degradation mechanisms
experienced by different components of PEMFCs, in-
cluding the membrane, catalyst layer, gas diffusion
layer, and bipolar plates. These components are sus-
ceptible to mechanical, chemical, and thermal degra-
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Table 7: Overview of studies addressing hydrogen technologies in scheduling efforts focusing on degradation

dation, which can lead to a reduction in power out-
put and efficiency over time. Operational impacts
on degradation, such as idling, high-power operation,
dynamic loads, and start/stop cycles, are thoroughly
examined, highlighting the correlation between op-
erational conditions and internal degradation mecha-
nisms. Moreover, the chapter discusses the costs asso-
ciated with PEMFC degradation and explores various
methodologies for quantifying and managing degra-
dation within operational contexts. Start/stop cycles
were found to be a factor 35 more severe than load
cycles, while an hour of idling or high power con-
tributes in the same order of magnitude as a single
load change, raising the question as to what condi-
tions are relevant to take into account. Furthermore,
the chapter explores health-aware operation strate-
gies, focusing on modeling approaches aimed at opti-
mising PEMFC deployment while considering degra-
dation dynamics. It was found that there exists a gap
in the combination of optimal scheduling techniques
and adequate degradation mitigation. In summary,
valuable insights into the operational characteristics
of PEMFCs are provided, highlighting the importance
of managing degradation to ensure the safe, efficient,
and cost-effective operation of PEMFC systems.

5 CONTROL STRATEGIES

Now that the impact of DCMG design and the charac-
teristics of PEMFC systems are understood, attention
has shifted towards the control of the integrated FCPB
system. The core functionality of the FCPB hinges
on effective control mechanisms serving multiple ob-
jectives. The assets in the FCPB are interconnected
to a common DC bus via DC-DC converters, which

Model Approach Degradation Characteristics
Method Solver Efficiency S::;t/ h?::ge Standby ;I(:%vl:er Sii‘lelteil;ile
[89] | ED vs EMPC DP vs MILP Linear X
[90] | Adaptive EMPC MILP Non-Linear X
[91] | Multi-stage MPC MILP Constant X X
[92] | Multi-time MPC MILP Constant X X
[93] | Multi-time MLD-MPC MIQP Constant X X X
[94] | MLD-MPC MILP Constant X X X X
[95] | MLD Cascaded MPC  MILP Constant X X X
[96] | Economic dispatch MILP Linear X X X X

facilitate the regulation of voltage and current levels.
Additionally, appropriately controlled converters play
a crucial role in limiting fault currents and providing
(virtual) impedance for stability enhancement. Be-
yond the individual asset level, collaborative interac-
tion with other assets is paramount for the efficient op-
eration of the FCPB, influencing load distribution and
resource optimisation. Moreover, at a higher level, the
control strategy encompasses an Energy Management
System (EMS), overseeing parameters such as mini-
mal power losses and operational expenses. In sum-
mary, the control strategy encompasses the following
objectives [39, 48, 97]:

* Inverter voltage and current regulation according
to given set-points

* Asset collaboration and consequent load distri-
bution

* Ensure stability of the system and robustness
against fault events

¢ Ensure minimal transmission losses

» QOperate the FCPB at optimal cost effectiveness

This chapter starts with a review of local control
strategies and continues with several proposed EMS
strategies. The aim is to get insights into how to com-
bine both into a single algorithm addressing all the
objectives stated above for the FCPB application.

5.1 Local DCMG control

As previously mentioned, the interfacing converters
play a pivotal role in controlling the power flow
within the grid. Each converter is equipped with a
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local controller responsible for determining the duty
cycle of the switching device, thereby regulating the
output power. The primary objective of this controller
is to adjust the asset power by tracking specific
predetermined reference values, typically referred to
as the inner control loop operating on a millisecond
time scale. In addition to their primary function,
the converters also engage in collaborative efforts
to ensure load distribution and maintain bus voltage
within acceptable limits, also referred to as the local
control loop.  Various methodologies addressing
this collaborative functionality are presented in the
literature, as will be discussed in Section 5.1.a.

5.1.a Centralised, Decentralised and Distributed

The collaborative control of a DCMG is com-
monly classified into centralised, decentralised, and
distributed methods, determined by the extent of
communication infrastructure among the assets.
Centralised control schemes, as the name suggests,
consolidate information from all assets at a single
location, where it is processed to formulate the
control strategy. An example of centralised control
is the master-slave control, wherein one converter,
typically the Energy Storage System (ESS), regulates
the bus voltage and provides current references to the
other converters. However, such systems necessitate
a robust and rapid information-sharing infrastructure
to minimise time delays, making them suitable
primarily for smaller installations. While centralised
control offers advantages such as comprehensive
knowledge and improved power distribution, it is
associated with significant drawbacks, including
high communication costs, vulnerability to single
points of failure, reduced flexibility, and the need for
more complex algorithms [39, 97]. Considering the
specific requirements of the FCPB system, which
necessitates both high flexibility in load management
and high operational reliability, a centralised control
scheme appears unfavorable.

On the contrary, decentralised control strategies oper-
ate independently of communication infrastructure,
relying instead on local voltage measurements to
execute actions. In a DCMG, voltage levels serve as
power surplus or deficit indicator, which is used to
locally adjust power settings. Droop control and DC
Bus Signaling (DBS) are common methodologies
associated with this category [48]. Droop control

establishes a feedback loop that encourages current
sharing among assets, with the droop slope determin-
ing the trade-off between current sharing and voltage
deviation [39]. DBS techniques partition the voltage
range into intervals and assign specific control logic
to each interval, with the effectiveness and stability of
the system heavily reliant on the width of these inter-
vals [98]. These approaches are characterised by their
high reliability, autonomy, and independence from
system layout. Their decentralised nature allows for
straightforward integration or modification of assets
within the system, without the need for extensive
communication infrastructure or integrated control
design. However, the sole reliance on decentralised
methods has limitations, including a constrained con-
trol scope, the potential for steady voltage deviations,
and operation that may not be economically optimal
[39].

Finally, distributed control techniques aim to take
advantage of the aforementioned strategies by
integrating data from directly neighboring assets.
Particularly in large systems, this approach has
demonstrated an increase in current sharing capabil-
ities and the mitigation of single-point failures [39].
Consensus-based algorithms and multi-agent-based
algorithms exemplify these control schemes. Both
methodologies hinge on communication protocols
with neighboring assets to distribute the current,
essentially simplifying the concept of an EMS. Given
that the primary objective of the FCPB control is to
implement a sophisticated EMS strategy alongside a
reliable local controller, the addition of supplemen-
tary local EMS layers do not add much value.

5.1.b  Droop control

As a conclusion from the above analysis it is clear
that decentralised methods are outstanding candidates
for the off-grid FCPB given the aforementioned men-
tioned advantages. Droop control is preferred over
DBS methods because of its continuous feedback pro-
file contrary to the fragmented feedback signals lead-
ing to heavily fluctuating operation profiles. In an
effort to get rid of this chattering behaviour one re-
trieves a strategy very close to droop control, hence
this section adopts droop philosophy as the basis of
local control. The intrinsic droop equation is given in
Equation 3, where V;* is the voltage reference to con-
verter i, V., is the reference voltage of the DC bus, 7;
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the droop coefficient and ¢; the output current of con-
verter i. In this equation the droop coefficient acts as
a virtual resistor often calculated by dividing the al-
lowed voltage deviation by the maximum current of
the converter.

Vit =V — raia. + 0V; (3)

To enhance droop performance, numerous studies
have proposed further refinements to the droop
equation. These enhancements include the incorpo-
ration of a voltage correction term ¢V}, adjustments
to the droop coefficient r4, or the introduction of
nonlinear combinations of both. To achieve this
objective, the decentralised primary control layer is
frequently supplemented by a distributed secondary
control layer, which delivers the required information
for these additional terms. [99] discuss various
strategies for incorporating a voltage shifting term
to compensate for the voltage deviation induced by
the droop term. This voltage shift can be achieved
without communication by directly measuring the bus
voltage, or in a distributed manner through static or
dynamic averaging methods. Furthermore, the study
proposes a distributed slope adjustment strategy,
which involves the inclusion of average current
and droop coefficient controllers to equalise the
impedance across all converters. This approach leads
to significantly enhanced current sharing and dynamic
stability. Another approach, as outlined by [100],
adopts a more computationally intensive method by
introducing a distributed iterative droop coefficient
optimisation scheme. This scheme resulted in a
maximum voltage deviation of 0.7% during dynamic
operations, a notable improvement compared to
the typical deviation of 5%. In addressing stability
concerns, [101] augments the droop scheme with a
robust gain, thereby enhancing load sharing accuracy
and concurrently suppressing voltage fluctuations. As
a result, the drawbacks associated with inaccuracies
in load sharing, voltage deviations, and stability
issues are effectively mitigated.

Furthermore, various studies propose strategies for in-
tegrating EMS objectives into the local control frame-
work. For instance, [102] employs a multi-objective
optimisation approach that considers tracking error
and power losses for all control variables of droop.
Although optimisation algorithms may appear im-
practical within local control, this research underlines

the potential of incorporating control parameters into
EMS optimisation. Alternatively, [103] introduces
an adaptive droop control scheme where the droop
coefficient varies as a function of the battery SOC,
thereby promoting battery charging at low SOC lev-
els and vice versa. Concurrently, the interlinking con-
verter within the system employs a subzone droop
slope, mimicking the behaviour of a DBS method-
ology. This approach illustrates the interconnection
possibilities between rapid local control and more ex-
tensive timescale optimisation techniques.

5.2  Energy management methodologies

The introductory section delineates the primary objec-
tives of control, with the local controller previously
examined effectively tackling the initial three objec-
tives. However, achieving the latter two objectives
of loss minimization and economical optimisation ne-
cessitates employing more intricate methodologies,
which are impractical to implement within rapid time
frames. Moreover, the decision-making process re-
lies on system-level data inaccessible through decen-
tralised means. Consequently, this section will high-
light methodologies designed to address economical
system optimisation, alongside the requisite solving
routines.

5.2.a optimisation formulation

Traditionally, Economic Dispatch (ED) has served as
the method for determining power set points within
grids consisting of multiple generators and loads
regardless of the transmission network, with a focus
on minimizing overall system costs. Conversely, the
fundamental Power Flow (PF) problem addresses
the division of power flows within a meshed trans-
mission network at a given moment, independent of
power generation specifics and lacking optimisation
considerations. Optimal Power Flow (OPF) emerged
as a means to combine both approaches, aiming to
achieve comprehensive optimisation for power sys-
tem management. This undertaking involves tackling
a highly nonlinear problem, offering flexibility for
single or multiple objectives such as minimizing
losses, maximizing profits, reducing interruptions, or
extending equipment lifespan [?].

The comprehensive formulation of OPF, known as
AC-OPF, encompasses the entire set of electrical sys-
tem equations without approximations or assump-
tions. Constraints imposed on the optimisation re-
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Fig. 9: Comparison of the performance of OPF formulations [104]

flect the unique characteristics of the system at
hand, encompassing inequality constraints, binary
constraints, and stochastic variables, significantly im-
pacting solving methodologies. Given the intricacies
involved, numerous studies have proposed simplifi-
cations through assumptions or by disregarding cer-
tain effects to tailor the problem to specific scenar-
ios [105]. One notable simplification is the DC-OPF,
which, despite its name, doesn’t exclusively handle
DC flows but rather eliminates reactive power flow.
This simplification arises from the following assump-
tions: power cable resistance is neglected, constant
voltage at all nodes, and the voltage angle is very
small [106]. Although the DC-OPF offers compu-
tational advantages due to its linear nature, it comes
at the expense of power loss information. Alterna-
tively, a linearization method for AC-OPF, proposed
in [104], preserves power loss considerations and
voltage information, as can be seen in Figure 9. The
study observed that the computational times for DC-
OPEF, linear AC-OPEF, and full AC-OPF were 0.4, 4.1,
and 30.3 seconds respectively, for calculating optimal
flows over a day in a given system.

5.2.b Real-time energy management

As discussed in the preceding section, the computa-
tional demands associated with intricate optimisation
techniques present an obstacle to their real-time
application in the control of microgrids. Additionally,
the inherent uncertainties within forecasts of renew-
able energy sources and load demand necessitate
real-time adjustments to the anticipated optimal con-
ditions. These factors underline the significance of
collaborative efforts between the local controller (as
discussed in Section 5.1.b) and the EMS algorithm.
As previously noted, the EMS optimisation computes
economically optimal set-points for a designated time
frame, subsequently implemented by the autonomous
local controller on a ms timescale.
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Fig. 10: Concept of a real-time MPC control structure
[107]

An alternative approach to reconciling daily optimal
control with local control is through Model Predic-
tive Control (MPC), as which also appeared in in Sec-
tion 4.3.b (Table 7). The MPC methodology involves
a multi-time optimisation function characterised by a
specified prediction horizon and control horizon. The
fundamental concept entails incorporating system in-
formation spanning the prediction horizon into the op-
timisation process to derive optimal set-points. Con-
sequently, how to arrive at the set-points, given the
current system state, is optimally calculated within the
control horizon. Notably, the controller applies solely
the initial control action while disregarding future ac-
tions. Subsequently, in the second time step, the hori-
zon regresses by one step, and the algorithm iterates,
as illustrated schematically in Figure 10. This ap-
proach offers several advantages, including the multi-
time integration of information, which proves highly
advantageous in microgrid scheduling, while concur-
rently accommodating constant corrections for uncer-
tain conditions. Moreover, within the optimisation
step, there exists flexibility in defining a suitable ob-
jective function, as explored by [108], who included

Version: 2

26



T.S.Edelijn

the OPF formulation within a MPC framework. How-
ever, a notable drawback lies in the predictive aspect,
necessitating intricate insight into the system’s dy-
namic behaviour. Furthermore, the methodology is
computationally intensive, requiring a multi-time op-
timisation calculation at each time-step.

5.2.¢c

The missing part in the optimisation timeline is how
to reach the solution of the optimisation problem.
The objective function, along with its associated
constraints, may encompass nonlinear combinations
of decision variables, binary variables, and random
variables, thereby rendering the problem non-convex
with potential existence of several local minima. The
complexity inherent to this problem has resulted in a
variety of diverse solution algorithms. Accordingly,
this section aims to present an overview to mitigate
potential confusion stemming from the abundance of
terminology.

Solving methods

An attempt to categorise all methodologies is outlined
in [109], which distinguishes between conventional
deterministic methods, Al-based methods, and
stochastic heuristic methods. Al methods encompass
fuzzy logic, game theory, multi-agent systems, neural
networks, and deep learning techniques, offering a
robust framework capable of addressing highly non-
linear systems. Typically, this approach necessitates a
substantial volume of data for training purposes, thus
surpassing the scope of this research.

In parallel with Al-based approaches, heuristic
methods are designed to seek a near-optimal solution
when obtaining a deterministic solution proves to be
difficult. These algorithms primarily leverage swarm
intelligence or evolutionary principles, which con-
sequently entail a substantial computational burden
and iterative solving processes. Consequently, while
heuristic methods necessitate less training compared
to Al methods, their application in real-time systems
often results in significantly prolonged computational
times. Furthermore, the stochastic nature of many
heuristic methods involves the utilization of randomly
generated variables to explore the solution space,
potentially yielding varying solutions to the same
problem or converging towards a local minimum
rather than the global optimum.

The final category encompasses deterministic meth-

ods that compute a singular solution to the problem at
hand. This category includes linear, quadratic, non-
linear, mixed-integer, dynamic, robust programming,
and combinations thereof, each distinguished by vari-
ous characteristics. Linear programming stands out as
the simplest and fastest method but is limited to lin-
ear objective functions and constraints. Incorporating
variables with binary values necessitates transitioning
to mixed-integer linear programming (MILP), a step
likely essential for adequately modeling the behaviour
of the PEMFC, as discussed in Section 4. Extensions
to mixed-integer non-linear programming (MINLP)
become necessary to account for the non-linear rela-
tionships inherent in the full AC-OPF. However, the
computational demands of this approach have incen-
tivised efforts to linearise the AC-OPF, resulting in
linear AC-OPF or even DC-OPF formulations, as pre-
viously mentioned in Section 5.2.a. Additionally, a
class of robust programming methods has been devel-
oped to address uncertainties in the solution method-
ology [109].

From the perspective of real-time application, the
derivation of fast solutions holds paramount impor-
tance. Therefore, the simplicity of the optimisation
problem and its associated solver constitute the pri-
mary design objectives. To summarise this section,
Figure 11 provides a schematic representation of de-
terministic conventional methods alongside stochastic
heuristic methods.

5.3 Conclusion

In conclusion, this chapter underscores the critical
role of control strategies in the safe and optimal
operation of the FCPB system. By examining local
control approaches and energy management method-
ologies, the complex interplay between hierarchical
control layers is highlighted. Special attention has
been given to droop control due to its robustness,
autonomy, simplicity and flexibility, especially when
coupled with a higher level EMS methodology into
an adaptive form. MPC or similar multi-time formu-
lations were found to provide a proper framework
for energy management optimisation under off-grid
scenarios with complex FC behaviour.

Furthermore, the exploration of optimisation formu-
lations and solving methods underscores the need for
balancing computational complexity and thus real-
time applicability with accuracy. The fundamental
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Fig. 11: Overview of solving methodologies applied in EMS applications [?]

OPF formulation can be linearised or simplified to
achieve this desired balance. Deterministic methods
offer fast singular solutions however struggle to find
this solution in complex problems. To the contrary,
stochastic heuristic approaches provide near-optimal
solutions through iterative processes, capable of
handling highly non-linear systems.

In conclusion, effective control strategies are essen-
tial for achieving multiple objectives such as volt-
age and current regulation, stability enhancement,
and cost optimisation in FCPB systems. By syn-
thesizing insights from local control techniques, en-
ergy management methodologies, and efficient solv-
ing methods, FCPB systems can operate optimally in
diverse conditions while maintaining reliability and
cost-effectiveness.
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