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Abstract: The article presents a mathematical model designed for scheduling cooperation between
Hybrid Power Generation System HPGS and an electricity system viewed from a multifaceted
perspective. The multifaceted approach consists in taking into account energy, economic, and
environmental criteria in the calculation process. The considered HPGS is constructed of a photovoltaic
installation PV, wind turbines WT, and energy storage in the form of an electrolyzer El coupled with
a fuel cell FC. The model consists of energy analysis and multi-variant analysis of the decision-making.
Cooperation scheduling is performed in a long-term period taking into account the decrease in
performance of HPGS components during the years of its operation. The impact of the performance
decline in HPGS devices on the final result of scheduling the work of HPGS in the electricity system
is the main issue considered in this article. This matter has not been analyzed yet. Additionally,
a sensitivity analysis of the impact of a decrease in the efficiency of selected HPGS components (PV,
FC, and El) on the final effect of the simulation is presented.

Keywords: distributed generation; hybrid power system generation; electricity generation

1. Introduction

The depletion of fossil fuel resources and environmental degradation have initiated the
transformation of energy systems in Europe and the world. Radically progressing climate change has
motivated decision-makers to take increasingly more effective actions aimed at shaping low-emission
and climate-neutral energy policies. The greatest emphasis is placed on the decarbonization of
electricity and heat generation systems and the use of renewable energy sources (RESs).

Investment in renewable energy sources entails a decentralization process in the energy sector [1].
Popularization of scientific research into the transformation of the energy sector towards distributed
generation is very important, especially in countries that are skeptical of these changes. For example,
in Poland, 80% of the total electricity is still produced from coal [2]. Coal owes its strong position in
the national energy industry to historical grounds and the structural background, which has not yet
been fully replaced.

The main problem of the integration of renewable energy sources with the national power system
(NPS) is the high dependence of the power output on the availability of primary energy, such as
wind speed or irradiance. Therefore, RESs cannot be considered as stable, predictable, reliable, and
controllable. This problem may be limited or completely eliminated by hybrid power generation
systems (HPGSs) cooperating with an energy storage device, which stabilizes the system [3,4].

The literature is abundant in works devoted to various configurations of HPGSs [5]. The HPGS,
considered in this article, consists of wind turbines (WTs), a photovoltaic (PV) installation, and an electrolyzer
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coupled with a fuel cell (FC) as the energy storage system. This combination of energy sources increases
reliability due to the complementarity of wind and solar energy [6] and uses an innovative alternative to
electrochemical batteries.

The body of literature on hybrid power generation systems (HPGSs) usually focuses on the optimal
design and sizing and/or the optimal energy generation management by planning load distribution or
developing control algorithms.

In [7], in order to determine the nominal power of individual sources (PV, WT, FC), the authors
used the artificial bee swarm optimization (ABSO) algorithm. In [8], the case of a remote area in Egypt
was considered using the mine blast algorithm (MBA). In [9], an artificial immune system (AIS) based
on the clonal selection algorithm (CLONALG) was used, as well as the HOMER software. Various
artificial intelligence (AI) techniques were compared in [10] to optimize the size of the PV/WT/FC
hybrid system. The particle swarm optimization (PSO) algorithm turned out to be the most effective
method. A comprehensive review of the optimal sizing of solar wind HPGSs, including, in addition to
artificial intelligence methods, classical methods and software tools, was presented in [11,12]. In the
article [13], the authors used HOMER software to carry out a technical and economic assessment
of an off-grid HPGS using the example of Masirah Island in Oman. Additionally, integration of the
considered HPGS into the existing electricity grid was simulated and studied with the use of the
software package DIgSILENT. The issue of the impact of power quality on the integration of distributed
generation units into a power grid was studied thoroughly in [14]. The role of the energy storage
systems was emphasized. In the body of literature, various types of energy storage systems are
proposed. For example, in [15], the economic feasibility was analyzed for the integration of flywheel
energy storage systems (FESSs) with a wind power plant.

Energy management and control strategy in a PV/WT/FC hybrid power generation system was
proposed in [16]. The concept based on load following was described in [17]. In [18], energy management
systems (EMSs), differing in terms of the optimization criterion, were developed on the basis of the
particle swarm optimization (PSO) algorithm. In [19], an intelligent flower pollination algorithm (FPA)
was used for sizing and energy management. An EMS based on an adaptive neuro-fuzzy inference system
(ANFIS) exemplified by a hybrid system connected to the network was described in [20]. An overview
of system optimization and energy management strategies for a standalone PV/WT/FC hybrid system
was presented in [21].

On the basis of the literature review, the authors indicate that previous studies regarding the planning
of HPGS exploitation in the electricity system do not take into account the aging of its components. HPGS
operation is usually considered within one year of operation. Meanwhile, the decline in the performance
of HPGS devices, such as photovoltaic panels and fuel cells, from a long-term perspective may have
a significant impact on the exploitation indicators.

In fact, HPGSs are supposed to operate for approximately 10 to 20 years. After that time, HPGSs
operating in an off-grid mode may not be able to cover the load demand for power and electricity
(adverse impact on reliability). In the case of the systems operating in an on-grid mode, the energy
consumer will have to use more energy from the electricity system. When the electricity system is
based on fossil fuels, it is associated with higher CO2 emissions, as well as other pollutants. In addition,
it means higher costs for the electricity consumer.

Research on the degradation and decrease of PV panel performance due to particular working
conditions was presented in [22,23]. Random failures also affect the power availability of PV panels [24,25],
but the authors did not consider this in this article. The phenomenon of a fuel cell efficiency decline was
described in [26].

The research presented in this article is a continuation of the authors’ previous scientific
achievements published in [27]. The result of the research described in [27] was the identification of the
distribution of loads proposed for an on-grid HPGS consisting of wind turbines (WTs), photovoltaic
installation (PV), and an electrolyzer coupled with a fuel cell (FC) as an energy storage system. In [27],
the author presented and proved that the best variant of load distribution for the adopted criteria is
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the option in which the electricity system covers the basic load only. The peak and sub-peak loads are
covered by the HPGS.

As assumed by the authors, the aspects of both the HPGS and electricity system should be taken
into account in work scheduling. The analysis was conducted for the first year of operation, as is
common in the cited literature.

The novelty and contribution of the authors’ research lies in taking into account the degradation
of chosen devices in the HPGS in a multi-criteria analysis of load distribution between the electricity
system and the HPGS. In contrast to previous research, our study was conducted from a long-term
perspective rather than in their initial conditions. This is an important issue, because HPGSs are
supposed to operate for approximately 10 to 20 years.

This paper is organized as follows. The second section of this article contains a problem description.
The third section contains a model and method description, including the algorithm that was extended
by taking into account the characteristics of the PV performance decrease as a function of the operating
time, characteristics of fuel cell performance decrease, and characteristics of the decrease in hydrogen
production by the electrolyzer.

The fourth section contains the results of the multi-criteria analysis of load distribution for seven
years of HPGS operation. It also presents a sensitivity analysis of the decrease in the performance
of individual HPGS components on the final effect of the multi-criteria load distribution analysis.
The fifth section contains discussions of the obtained results. The conclusions and further plans are
included in the sixth section.

2. Problem Description

PV/WT/FC hybrid power generation systems are characterized by higher unit costs of electricity
production and lower environmental impact compared to conventional energy sources (coal- or
gas-fired power plants).

Despite many advantages, renewable and unconventional technologies of electricity generation
also have disadvantages. One of them is a relatively fast decrease in the efficiency of some devices
during exploitation. According to the information provided by manufacturers, after 20 years of
operation, photovoltaic installations work at 80% of their primary efficiency. Electrochemical devices,
such as electrolyzers or fuel cells, lose their rated capacity after only one year of operation due to
degradation processes [28]. The decrease in the efficiency of devices, such as photovoltaic cells, fuel
cells, or electrolyzers, impacts on the energy efficiency of the entire PV/WT/FC HPGS.

The studied issue is extremely important in the ongoing period of transformation of the electricity
system from a centralized to a dispersed structure. The issues of microgrids, energy clusters, and the
integration of distributed energy sources with the electricity system are increasingly popular.

As mentioned in the introduction, scientific publications contain analyses of HPGS operations
based on renewable energy sources and energy storage systems only in the first year of operation.

The impact of a decrease in the performance of HPGS devices on the final result of scheduling the
operation of the HPGS in the electricity system is the main problem considered in this article. Taking
into account the efficiency decrease in distributed sources during their operation will affect both the
economic and environmental effect of electricity generation by HPGSs.

Additionally, a sensitivity analysis of the impact of a decrease in the performance of a selected
HPGS component on the final simulation effect is presented.

In this article, the authorial algorithm based on the energy analysis of HPGS and a multi-variant
decision analysis were used to examine the posed problem. Energy analysis was used to determine the
value of the decision criteria used in multi-variant decision analysis. The choice of the multi-variant
analysis method, compromise programming, allowed for the energy, economic, and environmental aspects
to be considered during simulation of the cooperation between the HPGS and the electricity system.
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3. Model and Method Description

Research on scheduling HPGS and electricity system cooperation was conducted using an original
mathematical model developed in the Matlab/Simulink environment. According to the assumptions,
the model was designed for exploitation planning of cooperation between the HPGS and the electricity
system. The considered HPGS consisted of wind turbines (WTs), photovoltaic installation (PV), and
an electrolyzer coupled with a fuel cell (FC) as the energy storage system. The HPGS supplies the load
determined by the load profile. It was assumed that 90% of the electricity system is based on fossil
fuels, hence electricity production is burdened with a high CO2 emission index of 824 kgCO2/MWh.
The scheme of the considered hybrid power system supplying the consumer is shown in Figure 1.

Figure 1. HPGS configuration to optimize the size of the PV/WT/FC hybrid system: PV, WT—renewable
(solar and wind) energy sources, El—electrolyzer, C—compressor, M—electric motor, FC—fuel cell stack.

The electrolyzer was powered from renewable energy sources in case of surplus production.
Hydrogen produced by electrolysis is compressed and stored. Furthermore, hydrogen is used to
generate electricity by the fuel cell [29]. The fuel cell compensates for the stochastic process of electricity
production by wind turbines and photovoltaics. The fuel cell is first supplied with hydrogen produced
by the electrolyzer. When the hydrogen container is empty, the fuel cell is supplied from the backup
hydrogen source. The use of additional hydrogen is accompanied by CO2 emissions associated with
the production process (steam reforming of hydrocarbons, coal or biomass gasification, etc.) [30].

The model makes it possible to define scenarios of supplying the consumer with a specific load
profile by the electricity system and HPGS. The model also permits the selection of the best load
distribution variant according to the assumed decision criteria and their weights. The model was based
on the energy analysis of the HPGS and the compromise programming method of the multi-criteria
analysis. Mathematical equations were used to conduct the energy analysis and equations describing
the compromise programming method of multi-criteria decision support were also used.

The value of the annual average power generated by a solar installation was described by
Equation (1):

Pav_PV = WK ·WW · T−1

T∫
0

PPVdt. (1)
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To determine the value of the average power generated by wind turbines, the annual distribution
of wind speed and operational characteristics of the turbine were used—Equations (2) and (3).

Pav_WT =

vmax∫
0

P(v) · f(v)dv, (2)

f(v) = k · λ−1
(
v · λ−1

)k−1
e−(v/λ)k

. (3)

The value of the nominal power of the fuel cell and electrolyzer was determined according to
Equations (4) and (5):

PFC = Pmax_load, (4)

PEl = n · (Pmax_WT + Pmax_PV) − Pmin_odb. (5)

The multi-criteria comparative analysis of load distribution scenarios consisted of measuring
the distance of the adopted scenarios from the so-called ideal point. This point lies in the space
consisting of n criteria. In the ideal point, normalized values of all decision criteria reach the value of
1—Equation (6):

Lα(Sn) =
M∑

m=1

wα
m(x′M − x′nm)α. (6)

The decision variables were normalized according to Equation (7):

x′nm = 1− xnm · (
m∑

j=1

x2
nj)

−0.5

. (7)

The best scenario according to the adopted decision criteria and their weights is the closest scenario
to the ideal point—Equation (8):

Sj = S∗ ⇔ Lα(Sj) = minLα(Sn). (8)

A detailed description of the energy analysis and the multi-criteria method can be found in the
mentioned publication. Interested readers are referred to [27].

Four decision criteria were defined by the model.
The specific fuel consumption by HPGS was used as the energy criterion—Equation (9):

k1 = VH2 · (ELoad)
−1[Nm3

· kWh−1]. (9)

The unit cost of electricity production by HPGS was adopted as the economic criterion—Equation (10):

k2 = Ke · (EHPGS)
−1[PLN · kWh−1]. (10)

Operating costs were defined in accordance with Equation (11):

Ke = KO&M + KHydrogen + Ka + KH2O. (11)

The environmental criterion represents CO2 emission linked to the production of electricity in the
electricity system and the use of additional hydrogen. As mentioned earlier, production of hydrogen,
e.g., in the process of hydrocarbons reforming, is burdened with CO2 emission. The environmental
criterion was represented by Equation (12):

k3 = (Esys ·WECO2 + MH2 ·CO2/H2) · (ELoad)
−1[kgCO2

· kWh−1]. (12)
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The k4 criterion is called the system criterion and it represents the point of view of the electricity
system. It would be the most beneficial situation for the electricity system if the power demand of the
consumer were constant for a given period of time. The criterion prefers the scenario in which the
electricity system covers the basic load—Equation (13):

k4 = Pord · Ta · (Esys)
−1[−]. (13)

The model described in [27] was extended to the needs of this article. The additional algorithm
takes into account the degradation and decrease of the performance of selected HPGS elements during
their operation. The dependence of the performance on the device’s operation time is called the aging
characteristic. Figure 2 presents the first version of the model (blue blocks) in the form of a simplified
block diagram. The green block represents the extension, with the algorithm taking into account any
performance degradation associated with the aging of HPGS elements.

Figure 2. Block diagram of the model used to determine HPGS and NPS load distribution taking into
account performance decrease characteristics of the PV, FC, and El.

When the value of “i” equals 0, it means the beginning of HPGS operation and it corresponds to
“year 0”. Year 1 (i = 1) means that the HPGS operated for 365 days, etc.

The analyses can be carried out for any generated load profile of a consumer, as well as any
wind or irradiance profile. The decision criteria were determined in the loop for the assumed input
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data based on energy analysis expressed by Equations (1)–(8). Then, based on Equations (9)–(16),
the multi-variant load distribution analysis between the HPGS and electricity system was performed.
After obtaining the results, the operational characteristics were updated by taking into account the
decrease in efficiency and performance of the devices and the calculation process was repeated.

According to the literature available, the lifetime of fuel cells is about 60,000 h [31]. Therefore,
the authors conducted simulations for the estimated seven-year lifetime of the fuel cell. During the
seven years of operation, the efficiency of energy conversion by photovoltaic installation and fuel cell
decreases. Simultaneously the demand for electricity for hydrogen production by the electrolyzer
increases. The exploitation experience of wind farms does not show a decrease in the efficiency of
electricity generation caused by the degradation of components for a period of seven years. Therefore,
for the purposes of the simulation, the authors adopted a constant characteristic of power generation
as a function of the wind speed.

Photovoltaic panels, according to the manufacturers’ data, lose approximately 0.7% to 1% of
their efficiency annually. The influence of the decline of the PV panel’s efficiency on the operational
characteristic—PPV = f(E)—is shown in Figure 3.

Figure 3. Aging characteristic over seven years for the PV—own study.

The efficiency of converting solar energy into electricity can be described by Equation (14):

ηPV = PPV · (E · S)
−1[−]. (14)

As a result of efficiency decline after years of operation, the photovoltaic installation generates
less power. It is graphically represented as a greater slope of the PPV = f(E) characteristic in relation to
the X axis (Figure 3).

The operational experience related to fuel cells [32] and electrolyzers shows that the average cell
voltage of a given stack decreases at a rate of about 3 µV/h [33]—Figure 4.

On this basis, the authors developed the operational characteristics of the fuel cell stack (Figure 5)
and electrolyzer (Figures 6 and 7) for seven years of operation.

The efficiency of the fuel cell can be expressed by the relationship described by Equation (15):

ηFC = Uav · (Et)
−1[−]. (15)

The effect of the decrease in the Uav value during operation is a decrease in the efficiency of the
conversion of hydrogen into electricity by the fuel cell. Graphically, this means a decline in the power
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curve, P = f(I). Since the stream of hydrogen consumed by the fuel cell is proportional to the flowing
current, the P = f(I) characteristics can be represented as P = (VH2).

Figure 4. Decline of the average voltage of the PEM-type fuel cell stack [32].

Figure 5. Influence of the years of operation on the fuel cell power curve—own study.

Figure 6. Influence of the years of operation on the electrolyzer power curve—own study.
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Figure 7. Influence of the years of operation on the specific energy consumption by an electrolyzer for
the production of 1 kg of hydrogen—own study.

The electrolyzer efficiency was described by Equation (16):

ηEl = Et · (Uav)
−1[−] (16)

After years of operation, the voltage, Uav, will be higher. It is synonymous with a decrease in
the efficiency of the process of splitting water into hydrogen and oxygen by the electrolyzer. This
means an increase in the demand for electricity to produce 1 kg of hydrogen. Graphically, the angle of
inclination of the P = f(mH2) characteristic relative to the X axis will increase.

Because electrolyzer manufacturers use the indicator of the unit energy consumption needed for
the production of 1 kg of hydrogen, the characteristic P = f(mH2) is presented as d = (mH2).

The hydrogen consumption indicator was defined by Equation (17):

dH2 = PEl · (mH2)
−1. (17)

Research on the impact of the aging of HPGS devices on the final results of the multi-criteria load
distribution analysis was carried out for the consumer energy profile shown in Figure 8.

Figure 8. Energy profile of the consumer (S-I, S-II, S-III, S-IV—work scenarios)—own study.

A comparison was made between four variants of the consumer supply by the HPGS and electricity
system. On the basis of the energy analysis carried out for the operational characteristics for the year 0,
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the nominal power of the generation devices was determined. For each of the variants, the optimal
composition of the generating units was selected according to the methodology described in the
paper [27]. The nominal power of HPGS generation devices is summarized in Table 1.

Table 1. Nominal power of generation devices in HPGS to supply the consumer according to
a given scenario.

Scenarios

Devices in HPGS S-I S-II S-III S-IV

Wind turbines [kW] 2 × 80 2 × 80 1 × 80 1 × 80
PV panels 290 Wp 467 × 290 240 × 290 328 × 290 119 × 290

Fuel cell [kW] 70 60 50 40
Electrolyzer [kW] 180 150 100 80

4. Results

4.1. The Impact of a Decrease in the Performance of Generation Devices in HPGS (PV, FC, El) on the Value of
Decision Criteria

For all scenarios, the values of decision criteria for seven years of operation were determined,
with a time step of one year (algorithm in Figure 2). Table 2 presents a change in the criteria after seven
years of operation. The efficiency drop in HPGS components affects the value of criterion k1. The lower
efficiency of the photovoltaic installation and the decrease in the electrolyzer efficiency result in a lower
production of hydrogen in the analyzed period of operation. The decrease in fuel cell performance
increases the demand for hydrogen. All these factors make the value of criterion k1 grow. The decrease
in the efficiency of HPGS components and the increasing demand for additional hydrogen results in
higher operating costs. Consequently, the unit cost to generate 1 kWh of electricity using the hybrid
system and the value of criterion k2 will grow. The greater the consumption of additional hydrogen
burdened with CO2 emission in the production process, the greater the value of criterion k3 will be.
The value of criterion k4 depends on the shape of the consumer energy profile; therefore, the changes
in the operational characteristics through the years do not affect its value. The study of the impact
made by the shape of the consumer energy profile on the result of the multi-criteria analysis was the
subject of previous research described in [34].

Table 2. Values of decision criteria determined for year 0 and year 7 of HPGS exploitation.

Scenarios

Devices in HPGS SI SII SIII SIV

Year_0 Year_7 Year_0 Year_7 Year_0 Year_7 Year_0 Year_7

k1 [Nm3/kWh] 0.119 0.231 0.090 0.165 0.072 0.131 0.047 0.083
∆k1[Nm3/kWh] +0.112 +0.075 +0.059 +0.036
k2 [PLN/kWh] 1.300 1.417 1.320 1.420 1.331 1.437 1.454 1.549
∆k2[PLN/kWh] +0.117 +0.100 +0.106 +0.095

k3 [kgCO2/kWh] 0.310 0.447 0.415 0.508 0.528 0.601 0.627 0.671
∆k3[kgCO2/kWh] +0.137 +0.093 +0.073 +0.044

k4 [kWh/kWh] 1.000 1.079 1.125 1.159

Table 2 presents the values of the decision criteria for year 0 and year 7 of exploitation. Figures 9–11
show the annual changes in the decision criteria for scenario I.

Degradation of the components has the greatest impact on changing the value of the energy
criterion, k1. For all four scenarios, the demand for additional hydrogen increases by about two
times. This generates additional operating costs (increased value of the economic criterion, k2). The k2

increase is smaller because the cost of additional fuel is only one of the components of the HPGS
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operating costs—Equation (11). The consumption of hydrogen increases the value of the k3 criterion,
because its production is burdened with CO2 emission.

Figure 9. Change in the value of decision criterion k1 for the S-I scenario.

Figure 10. Change in the value of decision criterion k2 for the S-I scenario.

Figure 11. Change in the value of decision criterion k3 for the S-I scenario.
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4.2. Impact of a Decrease in the Performance of Generation Devices in HPGS (PV, FC, El) on the Results of the
Multi-Criteria Analysis of Load Distribution

The result of the simulation is a series of scenarios in order from the acceptable scenario to the
scenario furthest from the ideal point. The research was conducted for α = 1 and α = 2. In order to
improve the illustration of the impact of generation devices’ degradation on the results of the
multi-criteria analysis of load distribution, Table 3 presents only those scenarios that were considered
acceptable, i.e., scenarios that are nearest to the ideal point for the specific ratio of decision criteria
weights. The beginning of the simulation (year 0) and the first two years are placed in one column
because of the same simulation results.

Table 3. Results of the multi-criteria analysis of load distribution taking into account a decrease in the
performance of PV, FC, and El during the exploitation.

Weight Ratios
w1:w2:w3:w4

Year 0,1,2 Year 3 Year 4 Year 5 Year 6 Year 7

α = 1 α = 2 α = 1 α = 2 α = 1 α = 2 α = 1 α = 2 α = 1 α = 2 α = 1 α = 2

1:1:1:1 SII SII SII SII SII SII SII SII SIV SII SIV SII
2:1:1:1 SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV
1:2:1:1 SII SII SII SII SII SII SII SII SII SII SII SII
1:1:2:1 SI SI SI SI SI SI SI SI SII SI SII SII
1:1:1:2 SI SI SII SII SII SII SII SII SII SII SII SII
2:2:1:1 SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV
1:1:2:2 SI SI SI SI SI SI SI SI SI SI SII SI
3:1:1:1 SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV
1:3:1:1 SII SII SII SII SII SII SII SII SII SII SII SII
1:1:3:1 SI SI SI SI SI SI SI SI SI SI SII SI
1:1:1:3 SI SI SI SI SI SI SI SI SII SI SII SI
3:3:1:1 SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV SIV
1:1:3:3 SI SI SI SI SI SI SI SI SI SI SI SI

The results of the analysis are presented graphically in Figure 12.

Figure 12. Results of the multi-criteria analysis of load distribution taking into account a decrease in
the performance of the photovoltaic installation, fuel cell, and electrolyzer.

Figure 12 shows a comparison of the acceptable scenarios for the considered seven years of
HPGS operation.

In the first two years of exploitation, the impact of a decrease in the performance of generation
devices in HPGS on the final results of the multi-criteria analysis of load distribution is not observed.
After the third year of HPGS exploitation, the analysis indicates that with a double overweighting of
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the system criterion, k4, the best option is the S-II scenario ahead of S-I. However, this change does not
affect the final results of the multi-criteria analysis of load distribution. The S-I scenario is still most
frequently indicated as the best option for customer supply during the period from year 3 to year 5
inclusive. After the sixth year of operation, it is observed that the S-I scenario begins to be replaced by
S-II for double overweighting of the economic criterion, k2, and triple overweighting of the system
criterion, k4. For both of these cases, S-II is the best option for α = 1. However, for the exponent value
of α = 2, S-I is still the best scenario.

S-II is indicated as the best scenario for double overweighting of the economic criterion, k2. After
the seventh year, replacement of the S-I scenario by S-II is observed for double overweighting of the
k3 and k4 criteria, triple overweighting of criterion k3, and triple overweighting of the k4 criterion.
As a result of the described changes, the S-II scenario is the most frequent indication of the best
variant of supplying the consumer after seven years of operation. This means that the consumer is
expected to take more electricity from the coal-based electricity system than from the HPGS based on
renewable power sources. S-III was not indicated as the best scenario for the analyzed weight values
of decision criteria.

4.3. Analysis of the Impact of a Decrease in the Performance of Specific HPGS Components on the Results of the
Multi-Criteria Analysis of Load Distribution

In order to examine the sensitivity of the model to a decrease in the performance of individual
HPGS components, simulations were performed taking into account the aging characteristics of only
one of the devices subjected to degradation over time. The impact of PV degradation was examined
based on the assumption of constant operational characteristics of the electrochemical energy converters.
Similarly, the impact of an increased electricity demand by the electrolyzer was examined with the
assumption of constant operational characteristics of the PV and FC installation and the impact of the
fuel cell efficiency decrease assuming constant PV and electrolyzer operational characteristics.

4.3.1. Impact of the Degradation of PV Installation Alone on the Results of the Multi-Criteria Analysis
of Load Distribution

The impact of a decrease in the performance of PV installation on the results of the multi-criteria
analysis of load distribution is shown in Table 4.

Table 4. Results of the multi-criteria analysis of load distribution taking into account a decrease in the
performance of PV installation alone over the time of exploitation.

Weight Ratios
w1:w2:w3:w4

Year 0 . . . 10 Year 11 . . . 12 Year 13 . . . 20

α = 1 α = 2 α = 1 α = 2 α = 1 α = 2

1:1:1:1 SII SII SII SII SII SII
2:1:1:1 SIV SIV SIV SIV SIV SIV
1:2:1:1 SII SII SII SII SII SII
1:1:2:1 SI SI SI SI SI SI
1:1:1:2 SI SI SII SI SII SII
2:2:1:1 SIV SIV SIV SIV SIV SIV
1:1:2:2 SI SI SI SI SI SI
3:1:1:1 SIV SIV SIV SIV SIV SIV
1:3:1:1 SII SII SII SII SII SII
1:1:3:1 SI SI SI SI SI SI
1:1:1:3 SI SI SI SI SI SI
3:3:1:1 SIV SIV SIV SIV SIV SIV
1:1:3:3 SI SI SI SI SI SI

The change in the value of decision criteria caused by the decrease in the performance of PV
installation, with the assumption of constant operational characteristics of the fuel cell stack and
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electrolyzer, does not affect the final results of multi-criteria analysis of the load distribution in the
period of exploitation considered.

Due to the fact that the lifetime of photovoltaic panels is over 20 years, the sensitivity analysis was
extended to 20 years. After the 11th year of exploitation, it is observed that the S-I scenario is replaced
by S-II at double overweighting of the k4 criterion. After the 13th year of exploitation, for the same
ratio of decision criteria weights, the S-II scenario is indicated as the best one. This change does not
affect the final result of the multi-criteria analysis—the S-I scenario is still most frequently indicated as
the best option.

4.3.2. Impact of a Degradation of the Electrolyzer Alone on the Results of the Multi-Criteria Analysis
of Load Distribution

The impact of a decrease in the performance of hydrogen production by the electrolyzer, in the
considered period of exploitation, on the results of multi-criteria analysis of the load distribution is
shown in Table 5.

Table 5. Results of the multi-criteria analysis of load distribution taking into account a decrease in the
performance of the electrolyzer alone, in the time of exploitation.

Weight Ratios
w1:w2:w3:w4

Year 0 . . . 6 Year 7

α = 1 α = 2 α = 1 α = 2

1:1:1:1 SII SII SII SII
2:1:1:1 SIV SIV SIV SIV
1:2:1:1 SII SII SII SII
1:1:2:1 SI SI SI SI
1:1:1:2 SI SI SI SI
2:2:1:1 SIV SIV SIV SIV
1:1:2:2 SI SI SI SI
3:1:1:1 SIV SIV SIV SIV
1:3:1:1 SII SII SII SII
1:1:3:1 SI SI SI SI
1:1:1:3 SI SI SI SI
3:3:1:1 SIV SIV SIV SIV
1:1:3:3 SI SI SI SI

The change in the value of the decision criteria caused by the increased electricity demand for the
production of 1 kg of hydrogen by the electrolyzer, assuming constant operational characteristics of
the fuel cell stack and PV panels, does not affect the final results of the multi-criteria analysis of load
distribution in the considered period of exploitation. Currently, the lifetime of electrolyzers is about
seven years. Therefore, it is unfounded to perform research for a longer exploitation time than the
lifetime of the device.

4.3.3. Impact of Degradation of the Fuel Cell Alone on the Results of the Multi-Criteria Analysis of
Load Distribution

The impact of a decrease in the performance of the fuel cell stack on the results of multi-criteria
analysis of the load distribution is shown in Table 6.

The analysis results are presented graphically in Figure 13. Figure 13 shows a comparison of
acceptable scenarios for the considered seven years of HPGS operation.

The change in the value of decision criteria caused by the increased demand for hydrogen to
generate 1 kWh of electricity by a fuel cell, assuming constant operational characteristics of the
electrolyzer and PV panels, affects the final results of the multi-criteria analysis of load distribution in
the considered period of exploitation. After the sixth year of exploitation, the analysis indicates two
cases, in which scenario S-I is replaced by S-II. This occurred through double overweighting of the
environmental criterion, k3, and triple overweighting of the system criterion, k4. After seven years of
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exploitation, scenario S-II is the preferred one. It is worth mentioning that S-III is not indicated as the
best scenario again.

Table 6. Results of the multi-criteria analysis of load distribution taking into account a decrease in the
performance of the fuel cell only in the time of exploitation.

Weight Ratios
w1:w2:w3:w4

Year 0 . . . 5 Year 6 Year 7

α = 1 α = 2 α = 1 α = 2 α = 1 α = 2

1:1:1:1 SII SII SIV SII SIV SII
2:1:1:1 SIV SIV SIV SIV SIV SIV
1:2:1:1 SII SII SII SII SII SII
1:1:2:1 SI SI SII SI SII SII
1:1:1:2 SI SI SII SII SII SII
2:2:1:1 SIV SIV SIV SIV SIV SIV
1:1:2:2 SI SI SII SI SII SI
3:1:1:1 SIV SIV SIV SIV SIV SIV
1:3:1:1 SII SII SII SII SII SII
1:1:3:1 SI SI SI SI SII SI
1:1:1:3 SI SI SII SI SII SI
3:3:1:1 SIV SIV SIV SIV SIV SIV
1:1:3:3 SI SI SI SI SI SI

Figure 13. Results of the multi-criteria analysis of load distribution taking into account a decrease in
the performance of the fuel cell alone in the time of exploitation.

5. Discussion

The results obtained on the basis of the simulation tests confirmed the thesis that degradation
(aging) of HPGS components has an impact on the final result of the multi-variant analysis of
cooperation between an electricity system and PV/WT/FC HPGS after long-term exploitation. This
process should be taken into account in the long-term prediction of exploitation. Otherwise, the off-grid
system might not be able to cover the demand for electricity and the on-grid system might have to be
compensated to a greater extent by the electricity system. The analysis showed that after the seventh
year of operation, the most preferred scenario is S-II, which replaced scenario S-I.

The sensitivity analysis showed that the most significant influence on the final results of the
multi-criteria analysis of load distribution comes from a performance decline in the fuel cell stack.
The sensitivity analysis did not show the impact of a decrease in the performance of the PV installation
and electrolyzer on the simulation results. The fuel cell has the largest share in the results due to the
shapes of the operational characteristics of the considered technologies. In the case of the photovoltaic
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installation, a linear efficiency decrease of 1% per year was assumed. Further assumptions were made
whereby the PV installation was equipped with the maximum power tracking system and worked
at the Maximum Power Point MPP. The obtained operational characteristics of PPV = f(E) can be
approximated with a linear function. Hence, their displacement due to the performance decrease is
relatively small.

The performance decrease in the photovoltaic installation only, with an assumption of constant
operational characteristics of the fuel cell and electrolyzer, did not affect the final result of the load
distribution analysis. The sensitivity analysis for this case shows that the first change of the S-I scenario
to S-II takes place after 11 years for one case of weights distribution, with double overweighting of the
k4 criterion. However, it did not affect the final result of the load distribution analysis.

The operational characteristics of the electrolyzer were obtained on the basis of its external
characteristics (i.e., the voltage current characteristics—U = f(I)) [35]. It is commonly known that
the electrolyzer operates in the linear part of the voltage current characteristic, above the threshold
voltage. This affects the shape of the power curve of the electrolyzer. The power curve can be expressed
as a P = f(I) or P = f(VH2) function. The power curve of the electrolyzer, similar to the case of the
PV installation, can be approximated with a linear function. Therefore, a performance decline in
the electrolyzer, caused by a decrease of the average stack voltage of 3 µV/h, does not entail a large
displacement of the characteristic after seven years of exploitation in relation to year 0. The decrease in
electrolyzer efficiency over one year of operation is 1%. In addition, the electrolyzer works only on the
excess power generated by the PV and wind turbines. The nominal power values of the generation
devices are optimally selected. Therefore, the electrolyzer operates in the lower range of hydrogen
production performance, where the electrolyzer characteristics practically overlap with each other.

The operational characteristics of the fuel cell stack were obtained on the basis of the external
characteristics of the fuel cell. The operational characteristic of the FC consists of a non-linear area of
activation losses, a linear area of ohmic losses, and a non-linear area of mass transfer losses [36]. Only
the first two areas were taken into account in the exploitation process. The non-linear characteristic,
U = f(I), determines the non-linear shape of the P = f(VH2) characteristic of the fuel cell.

Even when using a hydrogen flow above 10 Nm3/h, the characteristics for different years of
operation diverge. The fuel cell in HPGS often has to cover shortages of electricity production using
stored hydrogen, and later on, hydrogen from an additional source. Although the value of the average
voltage drop was assumed to be the same as for the electrolyzer, the performance decrease was greater
by 1%. Annually, fuel cell efficiency decreases by 2%. The fuel cell is the weakest point of the hybrid
power generation system considered. Consequently, it has the greatest impact on the change in the
value of decision criteria and on the final result of the multi-criteria analysis of load distribution.

6. Conclusions

This article presented the results of research on the impact of degradation of PV/WT/FC HPGS
devices on the final result of long-term scheduling of HPGS work in an electricity system. To solve the
problem, an algorithm based on the energy analysis of HPGS components and a multi-variant method
of decision making were used. The use of the compromise programming method allowed the energy,
economic, and environmental aspects connected with the electricity production process to be taken into
account. The obtained results confirmed the thesis assumed by the authors: A performance decline
in HPGS devices has an impact on the final result of scheduling the work of HPGSs in an electricity
system. After seven years of operation of the considered HPGS, the share of the electricity system
covering load demand will need to be increased. Therefore, according to the authors, the development
of mathematical models for technical and economic analyses of hybrid power generation systems
requires taking into account a performance decrease in energy converters, especially electrochemical
ones, during their lifetime. The next research of the authors will concern the determination of the
profitability limit for HPGS operation. The authors’ research focuses on ways to improve HPGS energy
reliability and determine the costs of this reliability.
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Nomenclature

Indexes
m number of scenarios in multi-criteria analysis
n number of criteria in multi-criteria analysis
Parameters
m number of scenarios in multi-criteria analysis
n number of criteria in multi-criteria analysis
dH2 specific energy consumption by an electrolyzer for production of 1 kg of hydrogen [kWh/kgH2]
mH2 mass stream of hydrogen produced by an electrolyzer [kgH2/h]
n coefficient of simultaneous operation of photovoltaic installation and wind turbines
k shape parameter (k > 0)
v wind speed [m/s]
xm m-th coordinate of ideal point
xnm value of assessment criterion
x’nm normalized value of assessment criterion
α power exponent equal to 1, 2 or∞
λ scale parameter (λ > 1)
ηEL efficiency of electrolyzer
ηPV efficiency of photovoltaic panels
ηFC efficiency of fuel cell
wm weight factor of m-th criterion
CO2/H2 amount of CO2 connected with production 1 kg of H2 [kgCO2/kgH2]
E solar irradiance [W/m2]
EHPGS energy produced by hybrid power generation system [kWh]
Eload energy consumption by consumer [kWh]
Esys energy from electricity system [kWh]
Et thermo-neutral voltage [V]
Kd costs of depreciation [PLN]
Ke hybrid system operating costs [PLN]
KO&M HPGS operating costs [PLN]
KH2 costs of hydrogen for backup purposes [PLN]
KH2O cost of water for the electrolysis process [PLN]
Lα measure of differences of the concerned Sn scenario from the ideal point
MH2 mass of additional hydrogen consumption for backup purposes [kgH2]
Pav_PV average value of power generated by PV panels [kW]
Pav_WT average value of power generated by wind turbines [kW]
PFC power rating of fuel cell stack [kW]
PEl nominal power of electrolyzer [kW]
Pmax_WT maximum power of wind turbine [kW]
Pmax_PV maximum power of PV panels [kW]
Pmin_load minimum load power [kW]
Pord maximum input power from electricity system [kW]
PLN currency in Poland
S total photovoltaic panels area [m2]
Sn n - scenario
Sn* the best scenario
Ta time of year [h]
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Uav average voltage value of one cell [V]
VH2 volumetric additional hydrogen consumption for backup purposes [Nm3H2/h]
WECO2 indicator of carbon dioxide emissions in the electricity system [kgCO2/MWh]
Wk coefficient of performance
Ww coefficient taking into account the inclination of PV installation
Variables
k1 the unit use of additional hydrogen by HPGS [Nm3H2/kWh]
k2 the unit cost of electricity production by HPGS [PLN/kWh]
k3 the ratio of CO2 emission by HPGS and electricity system [kgCO2/kWh]
k4 the degree of capacity utilization ordered from electricity system [kgCO2/kWh]
Functions
P(v) operational characteristics of wind turbine
f(v) Weibull distribution of wind speeds
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24. Višniakov, N.; Kilikevičius, A.; Novickij, J.; Grainys, A.; Novickij, V. Low-cost experimental facility for
evaluation of the effect of dynamic mechanical loads on photovoltaic modules. Maint. Reliab. 2015, 17,
334–337.
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