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Abstract: This paper presents a model of an energy system for a private household extended by a
lifetime prognosis. The energy system was designed for fully covering the year-round energy demand
of a private household on the basis of electricity generated by a photovoltaic (PV) system, using a
hybrid energy storage system consisting of a hydrogen unit and a lithium-ion battery. Hydrogen is
produced with a Proton Exchange Membrane (PEM) electrolyser by PV surplus during the summer
months and then stored in a hydrogen tank. Mainly during winter, in terms of lack of PV energy,
the hydrogen is converted back into electricity and heat by a fuel cell. The model was created in
Matlab/Simulink and is based on real input data. Heat demand was also taken into account and
is covered by a heat pump. The simulation period is a full year to account for the seasonality of
energy production and demand. Due to high initial costs, the longevity of such an energy system
is of vital interest. Therefore, this model was extended by a lifetime prediction in order to optimize
the dimensioning with the aim of lifetime extension of a hydrogen-based energy system. Lifetime
influencing factors were identified on the basis of a literature review and were integrated in the
model. An extensive parameter study was performed to evaluate different dimensionings regarding
the energy balance and the lifetime of the three components, electrolyser, fuel cell and lithium-ion
battery. The results demonstrate the benefits of a holistic modelling approach and enable a design
optimization regarding the use of resources, lifetime and self-sufficiency of the system.

Keywords: hydrogen; lifetime; energy system; electrolyser; fuel cell; PV system; lithium-ion battery;
heat demand; renewable energies; modelling; simulation

1. Introduction

Due to rapidly increasing global warming caused by the emission of greenhouse gases
into the atmosphere from the burning of oil, gas and coal, there is a need for alternative
technologies to satisfy the world’s energy demand by environmentally friendly technolo-
gies [1]. In addition, because of increasing costs for oil, gas and wood, independence in
the energy sector comes into focus. For example, electricity, which can be easily produced
by renewable energy sources, may be the energy carrier of the future. Germany, which is
dependent on imports of gas and oil, can only achieve sufficient independence through
extensive electrification of all sectors and a strong expansion of renewable energy systems.

The energy that is theoretically available from renewable energy sources could easily
meet the demand for energy in Germany [2]. However, energy storage represents the
biggest issue due to the typically diverging (fluctuating) energy demand compared to the
supply. Germany’s low sun irradiance in winter leads to a high seasonal storage require-
ment. Hydrogen, due to its high energy density and unrestricted storage opportunities,
could be a promising opportunity for covering the energy demand during this period.
Hydrogen, when produced by renewable energy sources (RES), is seen as one of the most
promising means of transforming the energy system in a climate-friendly way.
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Due to high capital costs for hydrogen-based small-scale energy systems, both resource
and cost efficiency are important factors for success, and it is important that the components
are well suited to the respective application where the energy system shall be used. In
addition, an analysis of how much self-sufficiency is possible with such a system may be
of interest. A preceding simulation with input data which characterizes the application
for determining the optimal component dimensioning can save resources and money. In
particular, the lifetime of the components, which highly depends on the dimensioning, the
component constellation and the control system, is an important factor for the system costs.
Thus, a lifetime prediction model was integrated into the energy system model, which was
designed for the analysis of the energy balance within one year. The energy system model
was presented in detail in a previous paper [3].

The energy system construction consists of a PV system which is the main energy
source. It is oversized to ensure high excess energy production during summer, which
is used for hydrogen production by an electrolyser (ELY). The hydrogen is compressed
and stored for usage in a fuel cell (FC), where the hydrogen is reconverted to electricity
on demand. The hydrogen system is used for long-term storage, while a lithium-ion
battery (LIB) is used for short-term energy demand. An LIB can better deal with rapid
load peaks compared to FCs and is therefore required to guarantee a high level of self-
sufficiency. The heating system was also considered, as the focus was on ensuring the
overall energy demand by PV. The waste heat of the FC was used inside the space heating
system, while the waste heat of the ELY was used for the hot water heating demand. The
remaining energy demands were met from electrical heat pumps. The energy system
model was created in Matlab/Simulink [4] and was designed for the analysis of a real
data series over an entire year with a time resolution of 15 min. A representative dataset
recorded in Switzerland in 2012 was used as household load profile [5]. Irradiance and
temperature profiles with a time resolution of one hour have been granted by German
Weather Service (Deutscher Wetterdienst—DWD) [6]. The data sets were recorded during
2015 in Wuerzburg (Germany).

The topic “hydrogen in energy systems” is presently attaining increasing interest in the
research community. Such systems are analyzed at various levels and in several component
constellations. Many modelling studies deal with dynamic real-time operation and control,
examining relatively small time scales of a few hours, a day, or up to two weeks, such
as [7-10]. Certain component constellations have been examined quite often, such as hybrid
energy systems designed for wind power as the only energy source [11]; others assume
hydrogen as the only kind of energy storage [12]. In our paper, a more holistic approach
to an energy system was chosen, which also takes into account heating requirements and
consists of a hybrid solution with hydrogen and LIB as energy storages. This modelling
approach intents to provide support for the design of future energy systems of this type.
In this context, a simulation designed for an entire year was relevant in order to consider
the seasonal dependency of energy production and energy demand. The integration of
real input data along with high-resolution processing has been rarely used thus far. In
addition, the design of an extensive control system by Simulink is also featured. As a
result, this model offers some advantages, such as a higher resolution for more meaningful
analysis and design statements, the delimitation of the use case and the integration of
arbitrary additional objects of investigation—compared to other modeling tools such as
Homer Energy [13], ReMOD-D [14] or TRNSYS [15].

In the literature, research has been carried out on this topic. For example, in [12], the
authors presented a hybrid energy system including renewable energy sources (RES) as
an energy supply, an alkaline ELY, a proton exchange membrane fuel cell (PEMFC) and
a hydrogen storage system. They focused on the analysis of the system’s dynamics with
the aim to improve self-sufficiency by reducing grid interaction. However, an LIB and a
heating system have not been considered. Due to the lack of short-term energy storage,
hydrogen storage was used to store the hydrogen produced by the ELY within one day,
and directly reconverted the hydrogen by the use of an FC once the energy production
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with RES was less than the energy demand. In [16], a Simulink model of an energy system
consisting of a PV system, a PEM ELY and a hydrogen storage system was also presented.
The model was created for the analysis of system dynamics and was therefore used for
short-term analysis. However, it did not consider an FC and real load profiles. In [8], a
hydrogen-based energy system model created in Simulink was presented. The authors
used a time horizon of 24 h with a focus on power management and control systems. They
analyzed the suitability of a hydrogen-based energy system consisting of hydrogen as the
only energy storage type for stand-alone systems. However, within the load profile used
in this approach, rapid load peaks were neglected, which is not realistic. To guarantee a
higher lifetime, rapid load peaks should not be solely covered by an FC [17]; therefore, an
additional LIB should be used, which reacts more quickly on rapid load peaks and is much
more robust in terms of lifetime.

The lifetime prognosis parameters used in this research originate from literature
research, from which various sources have been compiled. Based on the degradation
values of different sources, we developed our own degradation curves to represent the
degradation under certain influencing variables. Since the literature on lifetime analysis for
ELYs and FCs contains limited examination, only a small amount of sampling points could
be identified from different sources that describe the degradation under certain conditions.
For example, in [18], only the degradation of a PEM ELY at current densities of 1 A /cm?
and 3 A/cm? was examined. Since the ELY in this model is operated based on fluctuating
PV energy surpluses, the actual current density fluctuates significantly over the course
of operation. Therefore, sampling points from various sources have been compiled as a
result of the literature analysis in order to cover degradation values for the entire range of
operation from 0 A/cm? to approx. 4 A/cm?.

No literature could be found in which a lifetime analysis for an ELY was carried out
as part of a simulation within a realistic application. In contrast, a simulation-based FC
lifetime analysis was performed by Ms. Bonitz [17]. The findings from her work serve
as the base for estimating the lifetime of the FC in this research project. However, only
the methodology has been adopted, since a degradation curve which is more compatible
with the available sampling points was found and is used in this paper. For LIB lifetime
prediction, much more research has already been carried out. The main task here was
to find literature sources that followed a simulation-based approach and to identify key
factors for lifetime estimation that could be reliably used by a modelling approach.

A combined lifetime analysis of all three components, ELY, FC and LIB, within an
energy system has not yet been the subject of current research. Within the scope of this inves-
tigation, it is hoped to gain insights into mutual interdependency and effect. This research
aims to show what kind of impact component sizing has on the lifetime of the system.

This paper is organised as follows: Section 2 introduces the input data used for the
model validation and describes its control scheme and system architecture. In addition,
the background used for the lifetime prediction model is described within this section.
Section 3 describes various outcomes of parameter studies in terms of lifetime expectation
for the main components and the energy balance. Section 4 discusses the results of the
findings and the strengths of the energy system model in combination with a lifetime
prediction. Finally, Section 5 concludes the findings.

2. Materials and Methods
2.1. Input Data

Figure 1 shows the weather data recorded from the DWD in the year 2015 as input
for the simulation. The ambient temperature and wind speed trends are shown in Figure 1
(right). The data have been averaged for each day to achieve a better visualisation of the
trend. The temperature curve has an arithmetic mean of 11.07 °C and a standard deviation
of 7.44 °C. The wind speed trend is used for calculation of the probable cell temperature
of the PV modules to achieve more realistic PV energy yields. The wind speed has an
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arithmetic mean of 3.26 m/s and a standard deviation of 1.76 m/s. The curve of the global
horizontal irradiance is shown in Figure 1 (left).
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Figure 1. Global and diffuse irradiance (left), and temperature and wind speed data (daily averaged
values) (right), used as input for the simulation (data source: [6]).

A synthetic heat demand profile was generated using the VDI 4655 standard, which
provides reference load profiles of single-family and multi-family houses for the use
of Combined Heat and Power (CHP) systems [19]. By using an Excel tool created by
Hessen [20], which uses the reference load profiles from the VDI 6455 standard, a heating
demand profile with a 15 min time resolution was generated. The generated heating
demand profile depends on the actual ambient temperature within the time frame, which
is given by the DWD for the selected year, 2015. The heating demand curve for the year
can be seen in Figure 2 (left). As can be seen, the demand ranges from 26.72 kWh per
day (commonly during winter period) and 0 kWh (during summer period). For the year
of simulation, a total heating demand of 4000 kWh (via an electrical heat pump), and an
energy demand for hot water preparation in the amount of 1000 kWh, was assumed. The
electrical load profile used for the simulation (Figure 2 (right)) has a base load of around
100 W, an arithmetic mean of 268.96 W and a standard deviation of 119.85 W, which leads
to an overall electrical energy demand of 2356.09 kWh. The base load is evident from time
periods when residents were absent from their dwellings.

800
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Power load (W)
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8

Figure 2. Input heat demand profile (left) and electrical load curve (right) over one year [3].

2.2. System Layout

This subsection qualitatively describes the overall hybrid energy system and main
changes of some partial component models. The main model and a detailed explanation of
the functions describing the partial component models are shown in a previous paper [3].
The core elements of the energy system model are a fuel cell (FC), an electrolyser (ELY),
a lithium-ion battery (LIB), a hydrogen storage tank and a PV system, as well as a newly
added model for the heating system (especially the hot water heating system).
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PV System

Figure 3 shows the architecture of the proposed energy system. The PV system serves
as the main energy source. With an inverter, the captured solar energy can directly be
used for the electrical loads in the household (direct consumption). Any surplus is initially
stored in the LIB which is integrated on the AC side. A charge/discharge controller has
been integrated between the LIB and the household’s grid. Energy stored inside the LIB is
transferred back to the household grid via an inverter in the case of less energy production
versus demand. If the LIB is fully charged and the PV system still generates surplus energy,
the ELY is switched on and hydrogen is produced by the surplus energy. After passing a
compressor, the hydrogen is stored inside the hydrogen tank. In case of high electricity
demand in combination with low energy production and an empty LIB, the FC is switched
on. The FC acts as an electricity supplier for electrical loads and is controlled based on the
State of Charge (SoC) of the LIB. The LIB should have a remaining energy buffer when
the FC is turned on, because load peaks are covered by the LIB. When the FC produces
surplus energy which is not required for covering the energy demand, the LIB is recharged
with this energy. The power level of the FC is adjusted when the LIB reaches predefined
SoCs, such as those presented in the next section. A control algorithm via Simulink chart is
used to control the energy flow. The principle of the control system used in this approach
is the same as in the first paper [3] and has already been described in detail in Section 6 of
this paper.
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Figure 3. System layout of the single household energy system (image sources: [21,22]).

For every inverter within the energy system, an efficiency of 95% was assumed. For
the LIB, a change and discharge efficiency of 95% was assumed, and for the PV system,
constant losses of 10% were assumed, which consider pollution, conduction losses, etc.

Since the electrical efficiency of an ELY (67-82%) [23] and an FC (36-45%) [24] is
relatively low, the overall system efficiency can be increased by considering the thermal
efficiency (additional 52% for FC [24]) and therefore using the waste heat inside the hot
water heating or space heating system. Therefore, heat exchangers have been introduced
into the model, which extract the heat generated inside the ELY and the FC. As the produced
PV energy in combination with an LIB achieves a high self-sufficiency during midyear, the
FC is predominantly used in winter, which coincidences with the heating period. Therefore,
an integration of the waste heat generated by an FC into the space heating system is
preferable. As small-scale PEMFCs typically operate at temperatures of around 60 °C, a
transfer of the waste heat into the heating system is possible.

It was decided to use a Proton Exchange Membrane (PEM) ELY due to its advantages
such as the intrinsic ability to cope with fast transient electrical power variations, which
is especially important when fed by fluctuating renewable energies like PV in the desig-
nated use case [25]. Moreover, they have, compared to other ELY types, lower operating
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temperatures and lower power consumption, and are therefore better suited for small-scale
applications [26]. Low-temperature PEM ELYs commonly operate between 50 °C and 80 °C,
and have to be cooled in order to protect them against degradation caused by a temperature
increase above 80 °C [27]. The heat extracted from the ELY can be used as additional heat
for the hot water heating system because ELYs are typically operating during summertime
when space heating is not necessary. The residual heat demand is then covered by a hot
water heat pump. Such a heat pump typically achieves water temperatures of around
65 °C maximum, while the temperature inside a hot water storage shall always exceed
50 °C. Because of an operating temperature of 50 °C to 80 °C, waste heat usage is possible.
Figure 4 shows the overall energy system model created in Simulink. The Matlab/Simulink
version R2021b was used.
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Figure 4. Simulink model of the overall household energy system (image sources: [28,29]).

2.3. Control Scheme

The control system is one of the most important parts of the energy system. It controls
the energy flow of all components and ensures the coordination and collaboration of every
component. It also has a high impact on the lifetime of the components, especially for the
FC (hence the reason why great effort went into implementing a complex energy system).
The schematic control procedure of the two main components, the FC and the ELY, will
now be presented.

For the FC, a three-stage power adjustment which is based on the actual SoC of the
LIB was implemented. The stages are as follows:

30% SoC — PFC = 100% = PFC,nominul
45% SoC — Ppc = 0~6'PFC,nominul

55% SoC — Prc = 0-3'PFC,nominal
70% SoC — FC switched off

The plot generated by the Simulink “Fuel Cell Stack” block for an exemplary FC with
a nominal power of 720 W (Figure 5 (left)) in combination with a typical V-I curve of an FC
(Figure 5 (right)) shows that the FC still operates in operating range even at an FC power
of 0.3-Prc jominal- The FC can only change the power stage every 15 min and changes the
power level slowly; since rapid current changes affect the lifetime of an FC, fast changes
should be prevented. In return, the LIB covers rapid load peaks; therefore, the LIB should
always have enough energy buffer. This means that the FC switches on even before the LIB



Solar 2023, 3

31

Voltage(V)

Power(kW)
o o o o
o b & &

is completely empty. The LIB is charged by the residual energy delivered by the FC in case
of consumption of energy lower than that produced by the FC, and as long as the SoC of
the LIB does not reach a predefined state.
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Figure 5. V-I and P-I Curve for a specific 720 W FC (left) and V-I curve for a general FC (right) [30].

The ELY control is also based on the SoC of the LIB. The control scheme is shown in
Figure 6.
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Figure 6. Control and operation scheme of the electrolyser (ELY image source: [29]).

This leads to an operation occurring more often at low power. The lifetime of the ELY
should not be highly influenced by operation at minimum power, as shown in Section 2.4.3.
Additionally, an operation at low operation power leads to more efficient hydrogen pro-
duction. The hydrogen production is increased and the energy losses at off-grid operation
also decrease by this type of control, because if the ELY first turns on as soon as the LIB is
full of charge and then the surplus energy exceeds the minimum ELY operating power, this
energy is wasted.

2.4. Lifetime Analysis

For a better evaluation of the component dimensioning in terms of resource usage, a
lifetime analysis is meaningful. A different component size affects different component
stresses as, for example, a larger LIB capacity means that the FC cannot operate efficiently
because more PV energy can be stored in the short term, and as a second effect, the FC
must not switch on that often. A simulation of such an energy system with integration
of a lifetime analysis therefore enables a more meaningful implication, as the relations
and impacts of the components are highly complex. Of note is that the lifetime of the
ELY, the FC and the LIB, is highly influenced by operating conditions, the operating
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point and the control scheme. A simulation via Simulink enables an extensive analysis of
these conditions.

After detailed literature research, lifetime prediction models for the three components,
FC, ELY and LIB, have been developed. A targeted search was made for studies that can be
used in a generalized manner, which estimate the service life with only a few but the most
important input variables and with sufficient accuracy. In the next subsections, the lifetime
prediction models and the methodology of integration into the energy system model will
be presented.

2.4.1. Lifetime Prediction Model—Lithium-Ion Battery

The lifetime of the LIB is subdivided into cycle and calendar aging. Calendar aging
typically leads to a capacity loss which is defined to be up to 20% until End of Life (EoL) [31].
In contrast, cycle aging is the share of aging that results from the use of the battery (repeated
charging and discharging). The key factor influencing cycle aging is the Depth of Discharge
(DoD), but the C-rate can also have an influence, particularly high C-rates. In the literature,
calendar aging is defined by a maximum number of cycles which the battery can run until
lifetime end, while the amount of cycles means full cycles where a battery is discharged
from 100% SoC to the minimum permitted SoC, and then recharged to 100%. As batteries
are typically used with applications where different cycles with different upper and lower
SoCs occur, a Full Cycle Equivalent (FCE) has to be calculated for every partial cycle. When
a minimum permitted SoC of 0% is assumed, a particular cycle from 100% SoC to 30% SoC
and back to 100% would mean an FCE of 70%. An example for the calculation procedure of
a more random cycle from 100% to 40% and back to 70% is shown in Figure 7. Following
Formula (3), this cycle would result in an FCE of 45%.

ICE — (S0C(#)—S0C i, ) — (S0Cypyis, —S0C(t41))
o 10, 0, 10, 2 0, 1
_ (100/0740/0)27(40/0770/0) _ 459, (1)

100

90

80

70

60

SOC [%]
3

40

30

20

10

D o Sy SO ST R I g T T e

t+1 Time

Figure 7. Example for the calculation of the full cycle equivalent (FCE) for the lithium-ion battery
lifetime prediction.

The partial cycle shown in Figure 7 has a DoD of 60% (100% SoC—40% SoC). When
assuming that actual LIBs follow the degradation curve of the U.S. Advanced Battery
Consortium (USABC) in Figure 8 obtained from Dallinger [32], a DoD of 60% would result
in a maximum of 6424 full cycles. This means that one full cycle would lead to a degradation
of 1/6424 = 0.00016 = 0.016%. This degradation has to be multiplied by the previously
calculated FCE of 45%, whereby the cyclic degradation of the partial cycle shown in Figure 7
would be 45%-0.016% = 0.0072%.
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Figure 8. Battery cycle life as a function of the depth of discharge [32-36].

For every partial cycle within the whole simulation time of 1 year, the previously
shown procedure has to be performed. Therefore, Matlab was used. In the end, the
degradation of every partial cycle has to be summed to obtain the overall degradation
caused by DoD. In addition, the overall cycles within the year of interest are calculated
by summing up the partial cycles. The standard deviation from calculating the full cycles
by using our own approach with the FCE compared to the calculation via the standard
procedure, where the full cycles are calculated by the outgoing energy and the overall LIB
capacity, was 0.57. This proves that our own procedure is in good agreement with the
standard procedure and can be used for the calculation of the partial cycle degradation.
The calculated overall degradation caused by DoD characterizes the overall cycle aging.
When this type of degradation reaches 100%, the EoL of the LIB is reached.

The C-rate as a second factor for the cycle aging has not been covered due to predomi-
nantly low C-rates occurring when used in a stationary application for a single household.
The parameter study via simulation showed a maximum average charging C-rate of 0.1
and a maximum average discharge C-rate of 0.07, which is low compared to other use cases,
such as in electric vehicles with fast charging functions. These C-rates may increase with
higher resolution of the input data. However, a resolution of 15 min was chosen due to an
excessive increase in simulation time, and due to missing input data with higher resolution
for weather and heating demand.

The second type of aging, calendar aging, is mainly influenced by the overall battery
temperature, but the SoC under which the battery is stored can also have an impact on its
life. Certainly, most studies on the impact of the SoC on the lifetime as a factor of calendar
aging are performed by initially charging the battery to the SoC of interest and leaving the
battery as is for some weeks, months or years. This type of measurement data is hard to
implement because in the use case here, the battery is in permanent usage with charging
cycles following discharging cycles. Therefore, the factor SoC has not been considered in
the calendar aging within this lifetime analysis.

First, the battery temperature, as a dynamic variable during operation, has to be
calculated within the model. As the temperature model provided by Simulink as part of
the “battery” block cannot be used, because the block is not applicable when using the
“phasor” mode, a new temperature calculation path has to be calculated. In the literature,
many temperature models have been introduced, but with highly complex calculations
based on many parameters to be calculated experimentally, or which are only given for
certain LIB types or products. Additionally, most models were also based on Simulink
blocks which cannot be used in the designated simulation mode. As this approach aims
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for a preferably general application, it has been decided that these models are not suitable.
This has resulted in the development of our own more general temperature model with a
focus on estimation of the temperature by some key factors. The approach presented here is
based on the notion that the battery temperature is mainly affected by the C-Rate at which
the battery is charged or discharged. Therefore, a study from [37], where the temperature
rise of an LIB in dependency to different C-Rates has been determined, was used. When
calculating the average temperature rise inside a cell by using these data, we achieve the
temperature rise function shown in Figure 9.
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Figure 9. Fitted curve for the temperature increase inside an LIB at different C-Rates (left) (based
on [37]), and for the permanent capacity loss in dependency to LIB cell temperatures (right) (based
on [38]).

As the C-Rates of the battery within this approach are very small, thereby resulting in
a marginal temperature increase, this approach is fairly appropriate.

For calculation of the overall LIB temperature, the base temperature of the LIB had to
be set. Therefore, it was assumed that the LIB is placed in the cellar. The cellar temperature,
which indicates the LIB base temperature, was calculated as follows. First, it is assumed
that the cellar temperature does not drop below 18 °C, which was examined by own mea-
surements. Second, the cellar temperature corresponds to the average ambient temperature
of the last 7 days, which results in a temperature increase during summertime. The overall
internal LIB temperature is calculated as shown in Figure 10. In the end, for every time
step, the capacity loss has to be calculated by usage of the degradation curve shown in
Figure 9 (right). Subsequently, the overall calendar aging is calculated by summing up the
capacity losses of every time step.
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Figure 10. Estimation model for the internal LIB temperature.

The calendar aging is given in capacity loss (20% until EoL), while the cycle aging is
given in degradation (100% until EoL). Therefore, the capacity loss has been converted to
100% by assuming that a 20% capacity loss means a degradation of 100%. So, both types of
aging can be added in the end to achieve the overall aging during one year of simulation.
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The Simulink model uses a step size where every step characterizes 1 min. So, the “Transfer
Fen” Block in Figure 10 delays the temperature rise or fall by 5 min.

2.4.2. Lifetime Prediction Model—Fuel Cell
The degradation of FCs is influenced by four main factors [17]:

Degradation through normal operation
Degradation through starts and stops
Degradation through open circuit
Degradation through fast current changes

The first two factors are of particular importance. It is economically ineffective to run
the FC permanently with grid feed-in in case of excess electrical energy in connection with
an already full LIB. This results in a more frequently occurring switch-off and switch-on
when used in a private household which depends on the SOC of the LIB. Initially, the FC
covers the household energy demand via direct usage, while the excess electricity is used
for charging the LIB. When the LIB reaches predefined SoCs, the FC power is restricted (see
Section 2.3). This control procedure results in reduced switch-off and switch-on, as shown
in Section 3.2, which guarantees a longer lifetime. The starts and stops of the FC are given
by counting how often the control mode “fuel cell operation” has been activated by the
energy management system. As not only the switch-on influences the degradation but also
the switch-off, the “fuel cell operation” mode activations have been taken twice [17]. Every
start-stop shall influence the degradation by a factor of 14 puV [39]. The overall amount
of starts and stops is multiplied by this factor to achieve the overall degradation through
starts and stops.

Fast current changes will also impact the lifetime of FCs, but because of the stationary
application in connection with an LIB, fast current changes do not occur often, in contrast
to FC cars, for example. The FC power adjustment is controlled to be adjusted smoothly,
and changes can occur only once every 15 min. Additionally, the data situation for the
degradation caused by fast current changes is insufficient.

As defined in Section 2.3, the FC is switched off when an SoC of 70% is reached.
The FC could also switch into open circuit instead, but with a favourable high storage
capacity of the LIB as discussed in Section 3.5, the LIB can cover the energy demand of the
household for a relatively long time of approximately 1 to 2 days. This results in a more
beneficial switch-off instead of open circuit operation, wherefore the degradation through
open circuit has been neglected. Additionally, the FC power adjustment leads to a less
frequently occurring switch-off but longer operation time.

The sampling points describing the degradation of the FC at different cell voltages
established from Ms. Bonitz [17] have been used in this approach. As shown in Figure 11,
the degradation is at a constant low level for cell voltages between approximately 0.2 V
and 0.85 V. Instead of using the degradation function established from Ms. Bonitz, a new
function which better fits the sampling points was designed but using the same procedure.
Therefore, the “fit”-Function from Matlab was used and the function was divided into three
value ranges.

Figure 12 shows the functions and coefficients for every value range. These functions
result in the degradation diagram shown in Figure 11. The sampling points summarized in
Table 1 are integrated into the diagram for verification of the function.
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Figure 11. Degradation curve at different cell voltages for an FC (own figure based on [17]).

Domain of definition Function
D={xe€Ql0.4>x>0} f(x)=1-3.67-x + exp(—13.5-x + 7.052)
D={x€Q|0.85>x o) = {1 —0.065-x + exp(—27.75-x + 12.51), if >1
> 0.4} B 1, else

D={xeQ|x=>0.85} f(x)=1+ exp(—91.12- (x + 0.8951))
Figure 12. Partial functions for the generation of the degradation curve for an FC.

Table 1. Sampling points for the generation of the degradation curve for an FC.

Voltage (V)  Degradation Rate in Literature (uV/h) Degradation Rate Fitted Curve (uV/h)

0.1 300 [17] 300
03 20 [17] 20
0.45 2[17] 1.9
0.55 1[40] 1.03
0.85 1[40] 1
0.95 150 [17] 149.99

2.4.3. Lifetime Prediction Model—Electrolyser

The next part is the degradation of ELYs. In this area, the research state is still
bland. Ref. [40] says that the impact of volatile loads on the service life of the ELY and
its components has been researched very little so far. However, what is similar in every
paper that pays attention to the lifetime of ELYs is the fact that degradation is influenced
by the current density of the ELY. A paper describing an extensive study of the degradation
behaviour of ELYs by different operation modes has not been found in the literature.
Instead, some papers have been found where specific degradation behaviours at some key
current densities have been proven, which are summarized in Table 2. For low current
densities with up to 3 A/cm?, the degradation was detected to be approximately linear.
On the basis of these sampling points from Table 2, a degradation function for the ELY
was set up using the same principle as Ms. Bonitz for the FC. The literature does not
give quantitatively usable insights for other factors influencing ELY degradation. The
degradation function established from the sampling points is shown in Figure 13. The
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function which describes this trend, which has been calculated by using the fit function
from Matlab, is as follows:

f(x) =10.01 4 5.736-x + exp(6.228-x — 19.42) )

Table 2. Sampling points for the generation of the degradation curve for an ELY.

Current Density j (A/cm?) Cell Degradation Rate (1V/h) Source
0.1 9.7 [41]
1 15 [18]
1 16.95 [42]
1.2 15.2 [41]
2 22.1 [41]
2 12.4 [43]
3 23 [18]
4 14.8 [43]
4 275.7 [42]
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Figure 13. Degradation curve at different current densities for an ELY.

2.5. Methodology of the Simulated Lifetime Prediction

Sections 2.4.1-2.4.3 gave an overview of lifetime prediction procedures of the three
main components, ELY, FC and LIB. These components heavily impact the lifetime of
the overall energy system. The lifetime expectation of the PV system is already very
high compared to the other components and can reach at least 25 years [44]. The PV
system’s lifetime is mainly influenced by outdoor weather conditions and is therefore hard
to evaluate with a simulation. Therefore, the lifetime of the PV system has been neglected
within this approach.

As part of the literature research, great importance was attached to the ability to assess
and generate the influencing parameters using a simulation. After the end of the Simulink
simulation, these data were transferred to Matlab in the form of data series, where the data
are first processed and converted into a resolution of one minute. Then, the degradation is
read out in the degradation curves depending on the parameter value of the influencing
factor (current density, cell voltage, etc.) present in the respective time step. This value is
then weighted according to the 1 min resolution, since the degradation is given in uV/h. In
this way, the absolute degradation is calculated for each time step and summed up at the
end to obtain the absolute annual degradation. In the last step, the life expectancy (in years)
was determined based on the common End of Life (EoL) expectancy given in the literature
for the respective component, assuming that the course of the year remained the same as
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given with the used input data sets. Summarizing the previous section, all influencing
parameters transferred to Matlab are listed in Table 3.

Table 3. Parameters used for the calculation of the degradation.

Component Factor Unit

Lithium-ion battery State of Charge (SoC) %
C-Rate
LIB cell temperature °C
SoC gradient (ASoC)

Fuel Cell Cell voltage \%
“Fuel cell operation” mode

Electrolyser Current Density A/m?

3. Results

For the evaluation and the analysis of the lifetime prediction model, some parameter
studies were performed. Therefore, different component configurations were compared for
single components by leaving the other components at a predefined base configuration.
A 720 W FC, a 6.83 kW, PV system, a 20 kWh LIB and an ELY with a nominal output of
5 kW were always assumed as the base configuration. For the PV system, it was assumed
that there was no shading all year round. A summary of the main system characteristics
assumed in this work is shown in Table 4.

For a better understanding of the energy balance within this paper, the monthly
outcomes of the component energy productions and requirements for the base use case are
shown in Figure 14. Figure 15 shows the monthly production of energy (left bar) compared
to the monthly energy demand (right bar). From October to March, the energy produced by
the FC is relatively high, while the energy required in these months is higher than during
the summer because of the higher heating demand. The green bar shows the surplus energy
which is used in the ELY to produce hydrogen.

January I February | March ] April | May | June | July | August [ September | October I November | December | Overall (Year)
PV Production ideal (without conversion losses) [kWh] 184.71 33239 71545 1022.05 949.32 871.86  1054.83 966.17 658.30 463.64 350.80 22421 7793.71
PV Production real (into household grid) [kWh] 157.51 270.55 448.01 499.17 466.68 378.99 330.21 330.85 399.04 314.45 275.00 193.26 4063.73
Overall Load [kWh] 512.92 505.09 445.92 41871 380.79 316.24 271.37 267.64 361.34 409.86 452.79 462.22 4804.88
Load (remaining electrical devices) [kWh] 197.09 144.59 166.59 194.43 223.85 194.89 160.69 156.92 202.07 233.95 23347 247.61 2356.12
Load Heat Pump Heating System [kWh] 230.77 278.74 193.44 129.05 65.61 30.27 3.84 3.86 79.96 101.28 146.74 143.78, 1407.35)
Load Heat Pump Warm Water [kWh] 8292 76.90 62.19 45.64 42.80 38.87 25.72 32.70 49.15 57.85 64.79 68.33] 647.85]
Load Compressor [kWh] 2.14 4.86 23.70 49.58 48.53 52.21 81.13 74.17 30.16 16.79 7.79 2.50 393.56|
Fuel Cell [kWh] 373.44 273.79 89.61 0.00 0.00 3.93 0.00 6.24 30.33 151.70 212.82 294.93] 1436.80,
Electrolyser (without conversion losses) [kWh] 1891 47.60 243.86 496.61 458.07 47292 707.24 617.90 238.25 132.63 61.33 20.78] 3516.10
Electrolyser (with conversion losses) [kKWh] 17.96 45.22 231.69 471.88 435.26 449.57 672.00 587.04 226.41 126.08 58.31 19.78 3341.21
Discharging Li-Ion Battery [kWh] 168.53 195.56 216.00 184.96 147.05 111.28 72.06 86.56 178.97 188.81 200.28 186.41 1936.48|
Charging Li-Ion Battery [kWh] 208.03 241.86 274.79 224.07 178.05 143.60 86.70 108.10 214.95 232.05 240.39 226.22 2378.82
Grid Feed-In [kWh] 1.57 5.65 33.93 4125 54.80 34.08 44.08 47.90 32.02 17.87 10.00 1.09 324.23
Grid Purchase [kWh] 23.02 12.70 1.04 0.00 0.00 0.01 0.00 0.01 0.05 4.89 15.13 14.97 71.82
Hydrogen Demand [kg] 2045 14.90 477 0.00 0.00 0.21 0.00 0.33 1.59 7.9 11.50 15.89 77.64
Hydrogen Production [kg] 041 1.04 5.19 10.46 9.73 10.01 14.81 1291 5.14 2.85 135 0.46| 74.35)
Heat Demand Saving with Fuel Cell [kWh] 203.28 149.31 45.28 0.00 0.00 1.84 0.00 0.20 9.97 69.50 104.00 146.18] 729.56)
Discharging Li-Ion Battery while FC ON [kWh] 120.73 97.97 32.77 0.00 0.00 0.49 0.00 0.23 8.27 64.00 68.34 101.36 494.16|
Charging Li-Ion Battery while FC ON [kWh] 190.93 201.90 124.39 0.00 0.00 8.45 0.00 8.08 51.08 127.60 163.09 194.50] 1070.02|
Charging Li-Ion Battery by PV energy [kWh] 17.09 39.97 150.40 224.07 178.05 135.15 86.70 100.02 163.87 104.45 77.30 31.72] 1308.80,
Directly used PV energy [kWh] 138.85 224.93 263.68 233.84 233.83 209.76 199.44 182.93 203.15 192.13 187.70 160.45 2430.70

Figure 14. Monthly outcomes of the component energy productions and requirements for the base
use case. The “PV Production real” describes the energy which was not used inside the ELY for
production of hydrogen.
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Figure 15. Energy production (left bar) and energy consumption (right bar) calculated by Simulink
simulation for each month.

Table 4. Assumed system characteristics.

PV System Characteristics Value
Maximum Power Point at STC (Pmpp ) 310 W,
Maximum Power Point Voltage (Vinpp) 333V
Maximum Power Point Current (Impp) 931 A

Open Circuit Voltage (Voc) 405V

Short Circuit Current (Isc) 9.81 A

Dimension (I x w) 1l.66m x 1m
Temperature Coefficient Vpc —0.28%/K
Temperature Coefficient Isc —0.02%/K
Constant losses (pollution, conduction losses, etc.) 10%
Electrolyser Characteristics Value
Nominal operating temperature 63 °C
Current 15-75 A
Operating pressure 1-20 bar
Average efficiency 70%
Li-ion Battery Characteristics Value
Rated power 12.8 kW
Rated peak power 184kW,5s
Efficiency 95%
FC Characteristics Value
Nominal operating temperature 64°C
Average efficiency 45%
Household Characteristics Value
Electricity demand 2356 kWh/a
Space Heating demand 4000 kWh/a
Hot Water Heating Demand 1000 kWh/a
Hydrogen Tank Characteristics Value
Maximum tank pressure 300 bar
Converter Efficiencies Value
DC/DC Converter 95%
DC/AC Converter 95%
AC/DC Converter 95%
Heating System Efficiencies Value
Losses by waste heat usage of the FC due to convection, etc. 25%
Losses by waste heat usage of the ELY due to convection, etc. 25%

Power loss in the hot water system due to tank walls, piping, etc. 100 W
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3.1. Parameter Study to ELY Sizing

One part of the parametric study included the impact of different ELY sizes on com-
ponent life. Three different power classes were compared: 5 kW (ELY 1), 3.5 kW (ELY 2)
and 2 kW (ELY 3) nominal power. With acceptance of losses in efficiency, the ELYs can
operate at maximum powers of 7.83 kW, 5.01 kW and 2.98 kW, while the minimum power
is 1.2 kW, 0.77 kW and 0.46 kW, respectively. As a power of 6.8 kW, under standard test
conditions was assumed for the photovoltaic system, the ELY 1 is slightly oversized. The
control was designed in such a way that the ELY only switches on as soon as there is a
surplus of PV energy which is higher than the minimum power of the ELY, and if the LIB is
charged to at least 70% (see Section 2.3). The ELY initially runs at minimum power until
the LIB has reached the maximum charge level. After that, the entire excess energy goes to
the ELY, provided that it does not exceed the maximum power. Any energy that exceeds
the maximum output is fed into the grid.

The simulation showed deviations in the average efficiency of 70.73% for ELY 1, 68.51%
for ELY 2 and 66.09% for ELY 3. The reasons for this are differences in the operating point.
While ELY 1 mainly operates at low power, where ELYs are more efficient and have a lower
degradation, ELY 3 is more heavily loaded and often even operates at maximum power
(see Figure 16). At the same time, the greater utilization leads to greater degradation as
shown in Figure 17.
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Figure 16. Histograms of the power distributions under different ELY dimensionings (5 kW (left),
3 kW (middle) and 2 kW nominal power (right)).

While ELY 3 is more heavily loaded, it also experiences greater degradation, which
results in a lower life expectancy. The operating hours are also significantly reduced. The
results of the lifetime analysis of various ELY sizes are listed in Figure 17. The simulation
showed that the ELY with a nominal output of 2 kW had only a slightly lower hydrogen
production within the year. A total of 60.78 kg of hydrogen was produced, compared
to 72.32 kg for the 3.5 kW ELY and 74.35 kg for the 5 kW ELY, which is a difference of
15.94% and 18.20%, respectively. If this is compared with the difference in nominal power
of 42.86% for the 3.5 kW ELY and 60% for the 5 kW ELY, the difference in the amount of
hydrogen production is rather small. However, the 2 kW ELY was often operated at the
maximum power limit, which resulted in significantly higher degradation. In this case, the
life expectancy fell by 59.9% compared to the 3.5 kW ELY. This shows that an undersized
ELY that runs at full capacity does not make sense in terms of life expectancy.

On the other hand, the use of an ELY, which is also designed for the use of occasionally
high excess energy from PV, proved to be ineffective. What is meant is the use of the 5 kW
ELY instead of the 3.5 kW ELY. In terms of life expectancy, the 3.5 kW ELY performed
slightly better: 11.8 years (5 kW ELY) to 12.2 years (3.5 kW ELY). With the 5 kW ELY,
only 1.75 kg more hydrogen was produced. The histograms in Figure 16 show the power
distributions of the three ELYs. With the 5 kW ELY, it even had to be fed into the power
grid more frequently, which is due to the higher required minimum power. With the 5 kW
ELY, 324.23 kWh were fed in, while with the 3.5 kW ELY, only 245.97 kWh had to be fed in.
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Study | Ressource Self- Net Self- s L Degradah?n Lo = il =
Type usage ELY FC PV system LIB ] S h}.uilrog.en Operating Operating Max. full
utilization | Years hours Years hours Years | cydes
ELY 1 | 100.00% | 5kW 700 W 6.82 KW (45°, South) 20 kWh 98.51% 97.22% -4.42% 11.83 [ 17290.03 | 15.66 | 44213.02 | 9.10 971.48
ELY 2 64.00% 3kW 700 W 6.82 KW (45°, South) 20 kWh 98.45% 96.75% -5.89% 12.24 [ 21130.03 | 15.86 | 44780.37 | 9.11 960.78
ELY3 [ 38.00% [ 2kwW 700 W 6.82 KW (45°, South) 20 kWh 98.41% 92.03% 25.93% | 6.62 | 12806.39 | 15.90 | 44270.68 | 9.12 953.40
FC1 175.00% | 5kW 1200 W 6.82 KW (45°, South) 20 kWh 99.78% 97.63% -6.86% 12.01 [ 17802.44 | 15.31 | 40938.73 | 9.11 1001.32
FC2 100.00% | 5kwW 700 W 6.82 KW (45°, South) 20 kWh 98.51% 97.22% -4.42% 11.83 [ 17290.03 [ 15.66 | 44213.02 | 9.10 971.48
FC3 45.00% 5kW 300 W 6.82 KW (45°, South) 20 kWh 85.30% 85.30% 40.70% 11.94 [ 16876.29 | 15.44 | 46735.21 9.28 839.66
FC4 100.00% | 5kW [700 W No P. Adj.| 6.82 kW (45°, South) 20 kWh 99.44% 95.80% -13.01% | 11.82 | 17714.28 | 14.07 | 31370.21 9.09 1015.60
PVS1 | 100.00% | 5kwW 700 W 6.82 KW (45°, South) 20 kWh 98.51% 97.22% -4.42% 11.83 [ 17290.03 | 15.66 | 44213.02 [ 9.10 971.48
PVS2 | 150.00% | 5kW 700 W 10.32 kKW (45°, South) 20 kWh 98.77% 98.77% 54.92% | 10.80 | 20744.99 | 17.98 | 41511.19 | 9.16 955.30
PVS3 | 200.00% | 5kW 700 W 13.64 kW (45°, South) 20 kWh 98.95% 98.95% 65.15% 7.47 | 13048.96 | 18.33 | 37884.38 [ 9.19 895.88
PVS-O1| 100.00% | 5kwW 700 W 6.82 kW (45°, South) 20 kWh 98.51% 97.22% -4.42% 11.83 [ 17290.03 | 15.66 | 44213.02 | 9.10 971.48
PVS-O2( 100.00% | 5kwW 700 W 6.82 kKW (45°, East/West) 20 kWh 98.22% 84.88% -57.80% | 11.95 | 16616.08 | 14.97 [ 51593.26 | 9.22 894.75
PVS-O3| 100.00% | 5kwW 700 W 6.82 KW (60°, South) 20 kWh 98.46% 92.47% -23.41% | 12.01 | 16181.55 | 15.08 | 43445.71 9.08 978.61
PVS-O4| 100.00% | 5kW 700 W 6.82 kW (30°, South) 20 kWh 98.53% 98.53% 1.68% 11.79 [ 17801.17 | 15.95 | 45980.68 | 9.11 960.53
LIB1 25.00% 5kW 700 W 6.82 KW (45°, South) 5kWh 93.68% 88.85% -12.97% | 11.84 | 18580.47 | 6.25 | 25994.55 | 6.99 1860.67
LIB 2 50.00% 5kW 700 W 6.82 KW (45°, South) 10 kWh 96.59% 93.65% -8.97% 12.02 [ 17787.80 [ 9.73 | 32429.60 | 8.02 1446.84
LIB 3 75.00% 5kW 700 W 6.82 KW (45°, South) 15kWh 97.93% 95.90% -6.66% 12.06 | 17705.55 | 12.60 | 37810.55 | 8.68 1168.47
LIB 4 100.00% | 5kwW 700 W 6.82 kW (45°, South) 20 kWh 98.50% 97.22% -4.42% 11.94 [ 17440.36 | 15.63 | 4425394 | 9.11 967.30
LIB5 | 200.00% | 5kwW 700 W 6.82 KW (45°, South) 40 kWh 99.27% 99.27% 0.14% 11.43 [ 16468.04 | 21.30 | 57272.01 [ 9.82 554.23
DOD1 | 100.00% | 5kwW 700 W 6.82 KW (45°, South) |20 kWh Max DOD =90%| 99.36% 97.72% -5.62% 11.88 [ 17147.77 | 15.74 | 45839.66 | 8.95 963.79
DOD 2 | 100.00% | 5kW 700 W 6.82 KW (45°, South) |20 kWh Max DOD =80%| 99.23% 97.58% -5.68% 1190 [ 17195.11 | 15.64 | 44669.43 | 9.00 970.92
DOD 3 [ 100.00% | 5kW 700 W 6.82 KW (45°, South) | 20 kWh Max DOD = 70%| 98.51% 97.22% -4.42% 11.83 [ 17290.03 [ 15.66 | 44213.02 | 9.10 971.48

Figure 17. Lifetime Comparison between all parameter studies (configurations with less self-
sufficiency under 97% are marked red; resource usage is based on the number of cells (for ELY
and FC), number of modules (PV) or capacity (LIB)). The base configuration is marked orange; the
net self-sufficiency describes the self-sufficiency when an Hj deficit (negative net hydrogen utiliza-
tion) is compensated by the energy grid (calculation: HHV-AH,[kg]-1/rC,a0g.) higher heating value
* Delta kg * average efficiency); The net hydrogen utilization describes how much Hj, is required
compared to the H, produced (minus: higher H, demand than production).

3.2. Parameter Study to FC Sizing

In the second part of the parameter study, the effects of different FC power on the
service life and the energy balance were examined. The input data used in this study
resulted in an average electrical output of approx. 700 W in the winter months, considering
the household electricity requirement and the electrical energy for hot water and space
heating. For the parameter study, three FC sizes were compared, an undersized FC with
300 W (FC 1), a 720 W FC (FC 2) and an oversized FC with 1200 W nominal power (EC 3).
The results of the comparison are shown in Figure 17. The results showed that the 1200 W
FC had the highest efficiency due to the lowest average utilization and the lowest operating
hours, although the differences were not deemed as being significant. The undersized FC
showed the fastest aging with 12.0 years, while the 720 W FC with 15.7 years was even
higher than the 1200 W FC (15.3 years). In the study, the 720 W FC had an 8% higher
maximum number of operating hours before EoL compared to the 1200 W FC.

When using the undersized FC, 731.18 kWh had to be covered by the grid mainly in
the winter months, while with the 720 W FC, only 71.82 kWh was demanded, and with
the 1200 W FC, only 10.52 kWh had to be covered by grid. When an energy self-sufficient
household is targeted, an oversized FC should be used. However, oversizing the FC led to
a lower life expectancy than an FC tailored to the application and the average output, since
the oversizing resulted in the FC being switched on and off more frequently. While the
FC designed for 720 W had an estimated life expectancy of 15.66 years, the lifespan of the
1200 W FC was 15.31 years. The 1200 W FC was turned on 66 times during the simulated
year because it charged the LIB faster and the FC had to be turned off again as a result.
In contrast, the 720 W FC was switched on 57 times and the 300 W FC 52 times. These
switching on and off processes significantly accelerate aging as described in Section 2.4.2.
It is therefore advisable to dimension the FC as precisely as possible for the application.

Finally, a simulation was carried out in which the 720 W FC was operated constantly
at nominal power without power adjustment during operation. This test resulted in almost
twice as many starts and stops (96 times), and as a result, led to a reduced life expectancy
of 14.07 years. The efficiency was also lower at 45% compared to 48.33% for power-
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adapted operation, since efficiency decreased with higher utilization. This test showed
that FC performance adapted to the state of charge of the LIB had a beneficial effect and is
therefore recommended.

3.3. Parameter Study to PV System Sizing

In another study, the effects of different PV system dimensions on the life expectancy
of the main components were analyzed. For this purpose, three PV system sizes were
compared: 6.82 kW), (PVS 1), 10.23 kW, (PVS 2) and 13.64 kW, (PVS 3). The modules
were oriented towards the south with an elevation angle of 45°. The tests showed that
an increase in the PV system output had a major impact on the service life of the FC. The
simulations were performed using the 5 kW ELY and the 720 W FC. Over the course of a
year, the PVS 1 had 77.64 kg of hydrogen, the PVS 2 had 62.02 kg and the PVS 3 had 52.48 kg
of hydrogen to be used within the FC for securing energy demand, while 74.35 kg (PVS 1),
137.59 kg (PVS 2) and 150.59 kg (PVS 3) of hydrogen were generated. The comparatively
small increase in hydrogen production between PVS 2 and PVS 3 could be explained by
the undersized ELY when using the PVS 3. In return, the PVS 3 fed 2483.26 kWh of energy
into the grid, while the PVS 2 fed in only 237.09 kWh. Due to the higher utilization of the
ELY with increasing PV system size, the life expectancy of the ELY dropped significantly.
The service life of the PVS 1 was 11.94 years with 17,440 operating hours; the PVS 2 had a
service life of 10.8 years (20,745 h), and for PVS 3, it was 7.47 years (13,049 h). Two effects
occurred with the FC: The service life of the FC increased with increasing PV system size
(15.66 years (PVS 1), 17.98 years (PVS 2), 18.33 years (PVS 3)), but the maximum operating
hours decreased due to more frequent starts and stops (44,213 h (PVS 1), 41,511 h (PVS 2),
37,884 h (PVS 3)).

However, the PVS size did not have a significant effect on the LIB life expectancy.
In each case, the lifetime until EoL and the maximum full cycles during the period were
almost identical.

3.4. Parameter Study to PV System Orientations

The impact of different PV system orientations and elevation angles has also been
studied. The following orientations have been compared: A standard orientation towards
the south (azimuth angle ar = 0°) with an elevation angle of yx = 45° (PVS-O 1), an
east- and west-oriented PV system with yg = 45° (PVS-O 2), an orientation towards the
south again but with yg = 60° (PVS-O 3), and last, an orientation towards the south with
ve = 30° (PVS-O 4). The DWD provides global and diffuse irradiation profiles measured
for a horizontal plane only. Due to this, the irradiation profile for an inclined plane had to
be calculated first using the formulas described by Quaschning [45]. The monthly energy
yield for the horizontal plane and for all three elevation angles separated into diffuse and
direct parts are shown in Figure 18. The positioning of the PV system was assumed as
ideally having no shadowing during the whole year. To generate realistic data, losses due
to pollution, conduction losses, etc., have been considered by introducing an efficiency
parameter, which was set to 90%.

In each case, the same overall number of modules (22 modules a 310 W) have been
used. The different orientation did not have a significant influence on the ELY and LIB
lifetime. The FC lifetime was highest at PVS-O 4 (15.95 years) and lowest at PVS-O 2
(14.97 years). Of greater importance was the impact on the net hydrogen utilization (see
Figure 17), which tells how much hydrogen has been produced compared to the amount of
hydrogen required for the FC. If the net hydrogen utilization is negative, more hydrogen
was required than was produced. PVS-O 2 resulted in a large hydrogen deficit of —57.8%,
which was caused by less energy production from the PV system. Moreover, PVS-O 3
caused a hydrogen deficit of —23.4%, although this elevation of 60° is better for energy
production during wintertime in Germany. Using PVS-O 1, the PV system produced
7794 kWh energy, PVS-O 2 produced 6348 kWh, PVS-O 3 produced 7198 kWh and PVS-O 4
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produced 8013 kWh. The study showed that an energy production shift towards wintertime
is not meaningful, and that an east and west orientation is also not meaningful.

El:::l::n pa:_:d?;:::hr Unit January February | March I April | May | June I July | August | September | October | November | December | Overall
Horiz. Global KWh/m2 per month 20.31 36.94 85.44 149.49 162.26 161.36 189.39 156.93 91.26 55.03 33.79 21.04 1163.23
30° Diffuse Wh/m? per day 501.62 879.80 1627.55 2246.45 2940.56 2755.59 2479.98 2099.33 1820.31 1063.34 698.01 500.22
30° Direct Wh/m?2 per day 400.26 912.68 2044.40 3544.00 2496.67 2568.84 3777.70 3504.55 1820.05 1294.21 1031.53 545.15
30° Global Wh/m? per day 901.88 1792.48 3671.95 5790.45 5437.24 5324.43 6257.68 5603.89 3640.36 2357.55 1729.54 1045.36
30° Global KWh/m2 per month|  27.96 50.19 113.83 173.71 168.55 159.73 193.99 173.72 109.21 73.08 51.89 3241 1328.27
45° Diffuse Wh/m? per day 477.06 841.97 1549.14 2105.97 2718.65 2539.34 2297.57 1954.70 1711.16 1013.75 678.89 485.38
45° Direct Wh/m? per day 485.81 1042.74 2195.24 3519.56 2346.21 2323.62 3461.83 3376.34 1893.92 1433.85 1217.78 671.21
45° Global Wh/m? per day 962.87 1884.72 3744.38 5625.52 5064.87 4862.97 5759.40 5331.03 3605.07 2447.60 1896.67 1156.59
45° Global KWh/m? per month|  29.85 52.77 116.08 168.77 157.01 145.89 178.54 165.26 108.15 75.88 56.90 35.85 1290.95
60° Diffuse Wh/m? per day 416.31 737.99 1346.17 1814.07 2319.91 2164.72 1981.97 1681.00 1471.02 883.52 607.47 434.65
60° Direct Wh/m? per day 547.69 1104.78 2163.35 3120.56 1913.13 1781.80 2711.22 2861.59 1792.42 1467.35 1335.63 767.10
60° Global Wh/m? per day 964.00 1842.76 3509.52 4934.62 4233.04 3946.52 4693.18 4542.59 3263.45 2350.87 1943.10 1201.75
60° Global KWh/m2 per month|  29.88 51.60 108.80 148.04 131.22 118.40 145.49 140.82 97.90 72.88 58.29 37.25 1140.57

Figure 18. Energy yield per day in Wh/m? and per month in kWh/m? for an inclined PV system
oriented towards the south.

3.5. Parameter Study to LIB Storage Capacities

Next, different LIB storage capacities were compared: 5 kWh (LIB 1), 10 kWh
(LIB 2), 15 kWh (LIB 3), 20 kWh (LIB 4) and 40 kWh (LIB 5). LIB 1 aged 1 year faster
(7 years) compared to LIB 2, which was twice the size (8 years), and again aged 1 year
faster than LIB 4, which was four times larger (9 years). LIB 5 had the longest lifetime with
9.8 years. However, the utilization of LIB 1 with 1861 full cycles until EoL was significantly
higher than that of LIB 5 (554 full cycles).

The LIB storage capacity had a significant impact on the FC, which was due to higher
utilization on the one hand, since more energy had to be provided via the FC with less
energy storage capacity, and on the other hand, to the more frequent starts and stops (LIB 1
was fully charged faster than LIB 5).

The service life of the FC when using LIB 1 was 6.25 years (26,000 operating hours),
with LIB 2 it was 9.7 years (32,430 operating hours), with LIB 3 12.6 years (37,810 operating
hours), with LIB 4 at 15.7 years (44,213 operating hours) and with LIB 5 even 21.3 years
(57,272 operating hours). On the other hand, the LIB storage capacity had hardly any
influence on the service life of the ELY. The lifespan only varied between 12.1 and 11.4 years.

3.6. Parameter Study to LIB Max. DoDs

The influence of different maximum DoDs on the lifetime was also investigated using
the 20 kWh LIB storage capacity as a reference. A maximum DoD of 90% (DoD 1), 80%
(DoD 2) and 70% (DoD 3) was examined. The number of full cycles for all three variants
remained almost identical at around 107.1. The variation of the maximum DoDs had little
influence on the life expectancy. The life expectancy at 90% max DoD was 8.95 years, at
80% max DoD, it was 9.00 years, and at 70% max DoD, it was 9.10 years. This is because
in this stationary application case, cyclic aging does not have a significant impact, since
107 full cycles within one year are comparatively few compared to the full cycles up to EoL
of 6000 to 10,000 that are theoretically possible today. Even the 5 kWh LIB only had 266 full
cycles during one year.

Figure 19 shows a graphical comparison in terms of lifetime for all parameter studies.
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Figure 19. Lifetime comparison between all parameter studies.

4. Discussion

The simulation based on the Simulink model allows a detailed and meaningful analysis
of hydrogen-based energy systems especially because of the high resolution of the input
data. Due to the usually strong fluctuating load, temperature and irradiation profiles, a
simulation with a resolution of 15 min allows a more precise statement about the suitability
and sizing of various components compared to analysis procedures with monthly or daily
averaged datasets. This resolution also allows an evaluation of the lifetime expectations
of the main components which on the one hand is related to the control algorithm. As
Simulink allows a detailed design of such a control system, a meaningful impact analysis
can be performed.

A negative net hydrogen utilization from some of the parameter studies (see Figure 17)
can be compensated by an increase in the PV system dimensioning mostly. But for achieving
a high self-sufficiency the FC and LIB configurations and control are most important
and should be adjusted in dependency to the designated use case. Inappropriate PV
system orientations have a high impact on the net hydrogen utilization (see Section 3.4). A
better orientation for the summer month for reaching higher overall energy yield is more
meaningful at least for Germany but it depends on the designated use case (see Figure 18).
As shown in Figure 18, a PV system with an elevation angle of 60°, which, especially for
Germany, should be better for winter month compared to an elevation of 45°, reaches
nearly the same energy yield in January due to the high diffuse solar irradiance portion.
In return, however, the energy yield in the summer months is significantly lower at an
elevation angle of 60° compared to 45°.

The energy system depends on the climatic conditions with regard to the installation
site. On the one hand, limiting temperatures for the operation of the components play a
role, and on the other hand, the climatically determined energy demand and generation,
which influence the profitability of the system. In this paper, the system was designed for
use in the temperate climate zone and Wiirzburg (Germany) was assumed as the location
with an average horizontal solar energy yield of 1170 kWh/m? measured between 2001
and 2020. A suitable dimensioning for different climate conditions can be found using the
model presented here by arbitrarily adjusting the input data. The hydrogen-based energy
system is especially useful in regions where the energy production from renewable sources
is not sufficient to cover the year-round energy demand by usage of short-term energy
storage due to significant seasonal changes. The use in the form of a self-sufficient energy
system for a private household is also limited by the available area for the installation of
PV modules. FCs and ELYs can be scaled based on the number of cells.

In the parameter study, the life expectancy of the ELY is 11.4 years in average (with
approx. 17,250 operating hours), the FC reached a lifetime of approx. 15.19 years in
average (42,629 operating hours) and the LIB reached 8.98 years in average (1011 full
cycles). The number of operating hours that are theoretically possible, based on state-of-
the-art technology, are about 40,000 h for the PEM ELY [46], 12 to 15 years for the FC with



Solar 2023, 3

45

maximum operating hours of 40,000 to 80,000 h [47], and lifetimes of about 5 years with
over 2000 cycles are common for the LIB [48].

The lifetime of ELYs is strongly dependent on the operating conditions and deviate
significantly from the test-bench specifications given by the manufacturers in real world
applications. The lifetime data from literature can also be achieved by using the model
presented here, provided that idealized operating conditions have been assumed, for
example, for low utilization and continuous operation of the ELY. As research on ELYs
specifically designed for the production of green hydrogen has gained momentum in recent
years, strong advances have also been made in lifetime the past years. In view of this, it
makes sense to adjust the underlying degradation values to the current state-of-the-art at
the time the simulation is performed.

The average FC operating hours determined from the simulation are within the range
reported by the literature. However, the given maximum number of operating hours (of
up to 80,000 h given in literature) are mostly based on studies carried out in continuous
operation and can therefore hardly be achieved in real application scenarios as presented
in this work. If the FC would not have required such a high number of starts and stops in
the application scenarios, significantly more operating hours would have been possible.

Due to the lower number of full cycles of the LIB in all parameter studies of about
1011 full cycles in average until EoL, it is realistic that the manufacturer’s specifications for
life expectancy of 5 years [48] will be exceeded, proportional to the simulation carried out.
It was shown, that calendric aging has a decisive influence on the EoL.

The simulation was performed using a 15 min time resolution since otherwise the
simulation effort would have been extremely time consuming, whereby the input dataset
for the load had to be averaged, and, as a result, sudden rapid changes in the dataset have
been neglected. Component ramp-up and start-up times have not been considered, while
they are neglectable in the considered time scale. A higher resolution of the entire input
data failed due to the weather and solar irradiance datasets that were only available in
hourly resolution. Therefore, input datasets with a much higher resolution which we are
actually recording by our own will be involved in future research. This may also have an
impact on the lifetime expectations of the components.

5. Conclusions

This work presented a methodology to simulate the lifetime performance of hybrid
hydrogen-based energy systems for private households designed for high self-sufficiency
levels. A literature review on the lifetime behaviour of the three main components, ELY, FC
and LIB was carried out; the extracted data were prepared for the application in a Simulink
model under variable operation conditions of the components. This Simulink model has
been validated in a previous publication [3], and it was used to design a household power
system based on real data covering an entire year in 15 min resolution.

The energy management system used in the model was also presented; it was designed
with the aim to maximize component lifetime and efficient use of energy.

As part of the work, a parameter study was carried out. Based on this, an evaluation
of the energy balance, the hydrogen demand, and the lifetime of the main components
was performed for various dimensionings: It showed that the components are highly
interdependent on each other and should therefore be precisely dovetailed together in
advance before system implementation. The energy demand, energy utilization behaviour,
and the desired degree of self-sufficiency must also be considered in the layout.

Within the parameter study, the change of lifetime expectations when changing the
component dimensionings is shown. In addition, the variation of a component not only
touches its intrinsic component lifetime, but also has an effect on the other components.
The lifetime of the FC could be significantly increased by increasing LIB storage capacity,
which is mainly caused by the less frequent switch-on and switch-off processes of the FC
when recharging the LIB. However, as the storage capacity increases, the utilization rate
of the LIB (expressed in the full storage cycles) decreases. Although this also increased
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the lifetime of the LIB, the usual maximum full cycles were not even reached until EoL,
since the use-independent calendric aging process of the LIB became the decisive criterion
for aging here. In terms of the cost performance, a smaller LIB performs better in this
case. The next step will be to conduct an economic analysis to draw conclusions about the
capital employed for the overall system and thus better assess the usefulness of increasing
the capacity of the LIB to increase the lifetime of the FC. The size of the LIB also has a
significant impact on hydrogen utilization, as shown in Figure 17. By increasing the total
capacity from 5 kWh to 40 kWh, the net hydrogen utilization was brought from a deficit of
—12.97% to + 0.14%. This is primarily due to the increased efficiency from the increased
short-term storage by the LIB, which decreases the gross energy demand.

An increase in PV system size also led to an increase in FC lifetime. In addition, a
power-adjusted control of the FC also makes sense with regard to the FC lifetime and the
degree of self-sufficiency.

6. Outlook

The lifetime behaviour model gives first insights in the resource usage under different
component dimensionings, and therefore allows a first opportunity to compare different
constellations. In this context, a profitability analysis shall also be included in future
research to compare these versions also in terms of capital investment. Additionally, a
supercapacitor may be integrated in the energy system model to better react on rapid load
peaks and therefore better guarantee 100% self-sufficiency of the energy system. In future
research, enhanced input datasets with a higher resolution will be applied. The recording
of these datasets is presently taking place.
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Nomenclature

AC Alternating current SoC State of charge

DWD Deutscher Wetterdienst EoL End of Life

FC Fuel cell DoD Depth of Discharge

PV Photovoltaic FCE Full cycle equivalent

PVS PV system LIB Lithium-ion battery

;I{:Y IE_IISCI:;[cl:le:f sEeI;ergy PEMFC Proton exchange membrane fuel cell
HP Heat pump Prc nominat  Nominal FC power

Ppy PV power Prc FC power

Proad Load c_water Heat capacity of water

i_)ﬁ?{, Efgizol'l}g:;tifgv\zlue m_water Mass of the water inside the water tank
Pstorage Power towards or out of the LIB  T_high Maximum hot water tank temperature
Py Minimum ELY power T low Minimum hot water tank temperature
PEY Maximum ELY power Q_loss Energy losses due to convection, etc.
I_max Maximum LIB input current PEM Proton Exchange Membrane

U_nominal ~ Nominal LIB voltage H, Hydrogen


https://rossa-prod-ap21.ethz.ch:8443/delivery/DeliveryManagerServlet?dps_pid=IE594964
https://rossa-prod-ap21.ethz.ch:8443/delivery/DeliveryManagerServlet?dps_pid=IE594964
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SoC_min Maximum SoC of the LIB T_ELY Actual electrolyser temperature
SoC_max Minimum SoC of the LIB Cin,Stack Thermal capacitance of the electrolyser
N_cells Number of LIB cells Um Molar volume
P, Actual hydrogen tank pressure Vg Hydrogen tank volume
Py, Initial hydrogen tank pressure ~ Z Compressibility factor

Flow rate of the .
N, Universal gas constant

produced hydrogen

Operating temperature during Hydrogen production rate inside
Tb UH.

hydrogen storage procedure ? the electrolyser
My, Molar mass of hydrogen OH, Density of hydrogen
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