
Paper ID: 322, Page 1

37th INTERNATIONAL CONFERENCE ON EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND 
ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS, 30 JUNE - 5 JULY, 2024, RHODES, GREECE

POWER INTERMITTENCY IN PEM ELECTROLYSERS DIRECTLY COUPLED 
WITH WIND PARKS: A CASE STUDY ON DYNAMIC STACK OPERATION IN

NORTHERN BAVARIA

Petros Polykarpoulos*, Matthias Welzl, Dieter Brüggemann

Chair of Engineering Thermodynamics and Transport Processes (LTTT), Center of Energy Technology (ZET), University of 
Bayreuth, Germany

*Corresponding Author: Petros.Polykarpoulos@uni-bayreuth.de

ABSTRACT

Nowadays, the global demand for decentralised hydrogen production and autonomous grids is paving 
the way for electrolyser units directly coupled with renewable sources. However, the proposed grid-
independent electrolyser configurations are subject to a significant level of intermittency, affecting their 
operation and degradation behaviour. In this paper, wind speed volatility is firstly characterised across 
the frequency range and synthetic wind speed profiles are generated for specific turbulence parameters. 
Using a low-order, transient wind turbine model, dynamic power output can be estimated for short wind 
signal intervals. It is underlined that wind turbine response can filter out the high-frequency components 
of wind speed fluctuations due to their inertial characteristics and the use of control systems. 
Furthermore, a methodology has been implemented to account for the smoothing effect on the aggregate 
power output of geographically dispersed turbines inside a wind park. The power-to-gas plant operating 
in the Wunsiedel Energy Park in Northern Bavaria, Germany, is examined as a case study, assuming a
direct coupling of the electrolyser with a wind power source. Its dynamic behaviour is investigated for 
various wind power profiles, modular configurations (1, 2 or 4 independent modules), and electrolyser 
capacity (100 % or 50 % of the wind park rated power). All cases are evaluated in terms of energy 
utilisation and hydrogen production. It is demonstrated that the technical specifications of the 
electrolyser, in particular its operational range and warm startup time, strongly influence its load-
following capability. A higher number of independent modules offers enhanced flexibility and energy 
utilisation for dynamic operation. Dimensioning the electrolyser at 50 % of the wind park rated power 
is proved to provide similar hydrogen production at lower wind speeds compared to the 100 % case. 

1 INTRODUCTION

In recent years, there has been a growing interest in developing sustainable alternatives to the current 
fossil fuel-based energy economy to gradually achieve decarbonisation and mitigate the effects of 
global warming. The European Union has set itself the target of achieving net zero emissions by 2050 
and at least 55% by 2030, through the European Green Deal (European Commission, 2019). Hydrogen 
is widely regarded as a promising energy carrier, due to its application versatility, ability to directly 
utilise renewable energy, and potential for long-term storage (Ajanovic et al., 2024). Moreover, energy 
grids are currently not capable of integrating all the renewable energy production, resulting in a high 
amount of curtailment and thus hydrogen generation can potentially utilise this excess energy (Maggio
et al., 2019). Only in Germany, 5.8 GWh of renewable energy was curtailed in 2021, almost 95% of 
which attributed to onshore and offshore wind sources (Bundesnetzagentur, 2022).  

Terlouw et al. (2022) categorised electrolyser configurations based on their connection status to the 
national grid: grid-connected, hybrid or autonomous. Grid connection provides backup supply when 
renewable energy is not sufficient and as a buffer against wind and solar intermittency. Autonomous 
configurations are necessary for special applications, such as remote island grids, but are also actively 
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promoted by legislative initiatives: The recently updated Renewable Energy Directive II (European 
Commission, 2023) defines a strict framework for the production of renewable fuels (including green 
hydrogen) in the European Union, setting restrictions on grid-connected hydrogen production, ensuring 
thus a low carbon footprint (Barreda, 2023).

Kojima et al. (2023) addressed the nature of wind and solar intermittency as well as its effects on
coupled electrolyser systems, resulting in various degradation mechanisms among electrolyser 
technologies. Lange et al. (2023) reviewed the degree of flexibility of the most common electrolyser 
types according to their technical specifications as well as the impact of dividing the entire system into 
independent subsystems, or alternatively called modules. PEM electrolysers were indicated as more 
suitable for dynamic operation, while alkaline and solid oxide electrolysers as better suited for base 
operation. However, a study by Schnuelle et al. (2020) compared alkaline and PEM electrolysers under 
variable solar or wind load and showed that while PEM electrolysers achieved better energy utilisation, 
overall hydrogen production and efficiency were lower. Sarrias-Mena et al. (2015) simulated a PEM 
electrolyser using power input from a single wind turbine. They demonstrated how an electrolysis cell 
responds to load fluctuations and proved that voltage stability can be maintained during operation. 
Furthermore, Mucci et al. (2023) evaluated the operational flexibility of PEM electrolysers and 
downstream power-to-x processes for the production of e-fuels.

A number of studies have also assessed the optimal sizing of such electrolyser systems, based on the 
performance of their respective renewable sources. For instance, Egeland-Eriksen et al. (2023)
suggested a hybrid, offshore wind park-electrolyser connection and showed the direct correlation 
between the capacity factor, the electricity price, and the plant productivity. Similarly, Hassan et al.
(2023) investigated an alkaline water electrolyser coupled with either solar or wind power plants, 
estimating the optimal electrolyser capacity for each case, based on techno-economic criteria and 
including the carbon footprint. Hofrichter et al. (2023) proposed a methodology to determine the 
optimal electrolyser capacity, when coupled with solar or wind sources. Full load hours impact 
predominantly the sizing of an electrolyser, which might even reach 143% of an offshore wind plant 
nominal power. Additionally, Cooper et al. (2022) described the two-step optimisation of an electrolysis 
system coupled with a wind plant based on techno-economic criteria. Their analysis focused on the 
dimensioning of the electrolyser, considering combinations of stack number and size, electrolyser type 
(AEM or PEM), and pressure level.

Lastly, some studies focus on the performance optimisation of the electrolyser system under fluctuating 
operation. Lu et al. (2023) examined a wind-PEM electrolysis system under the scope of both efficiency 
and degradation, optimising its power allocation strategy. An important remark from this study is that 
an external power supply was used to maintain the minimum voltage to avoid frequent shutdowns that 
contribute to increased degradation and safety concerns. Fang and Liang (2019) researched a wind-
hydrogen integrated system with an alkaline electrolyser and proposed the use of supercapacitors to 
overcome short term fluctuations and modular adaptive control strategies to maximise hydrogen 
production. Tully et al. (2023) simulated an electrolyser coupled with a fluctuating wind source, taking 
into consideration cumulative degradation. They proposed a framework to optimize electrolyser 
operation, based on policies concerning stack activation and power distribution.

This paper presents a novel framework for estimating dynamic load in electrolyser units directly
powered by wind sources. The introduced methodology could contribute to dimensioning wind-
electrolyser configurations and providing representative load profiles for a preliminary estimation of 
degradation. Firstly, synthetic wind signal generation (Section 2.1) is combined with low-order wind 
turbine modelling to calculate output power (Section 2.2). Moreover, we examine the additional impact 
of aggregate power filtering (Section 2.3), resulting from the geographical dispersion of turbines in 
wind parks. The Wunsiedel electrolysis plant in Northern Bavaria is used as a case study to evaluate its 
energy utilisation and hydrogen production, when directly coupled with a wind power source (Section
2.4). Several use cases have been introduced in this study that relate stack operation to electrolysis plant
power input:
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1. Effect of average wind speed (Section 3.1)
2. Effect of coupling with a wind park, consisting of 10 turbines (Section 3.2)
3. Effect of modular (1, 2 or 4 independent modules) configuration (Section 3.3)
4. Effect of electrolyser capacity (50% or 100% of wind power plant capacity), (Section 3.4)

2 MODEL DESCRIPTION

2.1 Wind characterisation
Wind speed can be characterised over time through the Van der Hoven model (Burton 2011). In the 
turbulent region, which corresponds to timescales of less than 10 to 15 minutes (Rose and Apt 2012),
there is a number of mathematical models to describe high frequency wind behaviour, like the Kaimal, 
von Karman and Mann spectra (Jonkman 2009; Burton 2011).

In this analysis, synthetic wind speed profiles are generated using the open-source software TurbSim®
developed by NREL (Jonkman, 2009). Among the vast range of modelling options, Kaimal 
representation, according to the IEC standard (IEC 61400-1, 2005) is selected. Subsequently, stochastic 
wind signals for the longitudinal direction are extracted based on the Veers method described in (Veers,
1988; Rose and Apt, 2012). The input parameters for this method are the mean wind speed, the 
turbulence characteristic category (A,B,C) and the turbulence type (Normal or Extreme turbulence).  
Wind turbulence is in principle attributed to flow disturbances and thermal effects caused by local 
topological characteristics (Burton, 2011), which means that these parameters are location – specific. 

Two different wind speed scenarios are examined in this study (Figure 2):
(a) High turbulence: 8 m/s average wind speed
(b) High turbulence: 12 m/s average wind speed

Generated 15-minute wind signals, with this method are not capturing extreme events, such as gusts, 
which have been investigated by other studies (Anvari et al., 2016; Bierbooms 2009)

2.2 Wind turbine model
The power generation of a wind turbine is simulated through a commercially available MATLAB model 
(MathWorks). This is a low-order, transient turbine model with 1 s time resolution, that simulates the 
coupling between the generator and the turbine as a rigid body. Thus, according to the rotational form 
of Newton’s second law, the system state equation is:

                                              .                                                        (1)      
Similar simulation schemes are described by Hoffmann (2002), Kumar and Chatterjee (2016), and 
Pathmanathan and Ertugrul (2009).

The WindPACT reference 3 MW wind turbine (Rinker and Dykes, 2018) is used as a case study in this 
analysis. To determine rotor inertia, Gonzalez-Rodriguez et al. (2023) proposed a methodology that 
considers blade geometry and centre of gravity position. The power coefficient-tip speed ratio 
relationship cp(λ) is estimated using the formula described in Slootweg et al. (2005). The equivalent
rotational inertia can be calculated from the following equation, which contains both the rotor inertia

and generator inertia , scaled by the gearbox ratio GB of the transmission system (MathWorks):
                                 (2)

Regarding wind turbine operation, two different control modes are modelled: rotating speed control 
below the rated wind speed (operating region 2 in Figure 1) and blade pitch control above it (operating 
region 3 in Figure 1). Rotating speed is controlled based on the Optimal Torque concept, where 
operation is determined by the following Maximum Power Point Tracking characteristic curve (Kumar 
and Chatterjee, 2016):

                                                                (3)      
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The optimal operation coefficient is constant and defined explicitly by the blade characteristics 
(radius R, optimum tip speed ratio , maximum power coefficient ) and air density .

Figure 1: Wind turbine power curve, according to Kumar and Chatterjee (2016) 

Furthermore, pitch angle control is adjusted according to the P-control scheme and parameters presented 
in Slootweg et al. (2005). Power losses are not considered in this analysis. The diagrams in Figure 2 
demonstrate the power generation response to a wind speed input signal, either below or slightly above 
the rated wind speed value of 11.8 m/s. In accordance with observations made by Apt (2007), the wind 
turbine inertial characteristics play a considerable role in the filtering of high frequency wind 
fluctuations. Meanwhile, in operation above rated wind speed, generated power remains at its nominal 
value, using blade pitch angle control.

Figure 2: Wind speed (left) and generated power of the wind turbine (right) at 8 m/s (top) and 12 m/s 
(bottom) average wind speed 
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2.3 Geographical smoothing
Several researchers have investigated the topic of aggregate power output generated by wind parks and 
there is a wide consensus about the presented smoothing effect (Nanahara et al., 2004; Naemi and Brear,
2020, Yang et al., 2020; Meglic and Goic, 2022). Even within a wind park, spatially dispersed turbines 
present a level of coherence close to zero, regarding their power output on high frequencies. This 
becomes evident in the total power output of a wind park which approaches the scenario of totally
uncorrelated wind turbines, at frequencies higher than 3 mHz (Naemi and Brear, 2020). Nanahara et al.
(2004) investigated wind speed coherence across different measurement sites and proposed a correlation
for its calculation. Its parameters are location-specific and vary over the year. The authors calculate the 
wind park power output using an equivalent low-pass filter (Figure 3 - left) applied to the output of a 
single, typical wind turbine. Even though the filter gain diagram varies with coherence, all investigated 
cases converged to the turbine number square root limit at the high frequency region. A similar 
convergence limit is observed by (Naemi and Brear 2020), which is equivalent to the assumption of 
Gaussian independence among the wind turbines.

This filtering methodology can be applied to specific wind parks, with a given number of wind turbines 
and geographical dispersion, allowing for a preliminary estimation on aggregate power smoothing. 
However, further research is necessary to establish parameters relevant to local topography and the 
effects of wake interaction within a wind park (González-Longatt et al., 2012). In this study the 
equivalent filter values described by Nanahara et al. (2004) are used for a wind park comprising 10 
turbines. The influence of the two extreme scenarios: low coherence (maximum filtering effect) and 
high coherence is demonstrated in Figure 3.

Figure 3: Filter magnitude (left) as presented in (Nanahara et al., 2004) and application to output 
power (right)

It can be concluded that there is a considerable reduction in relative fluctuation magnitude after applying 
the low-pass filters. However, the difference between these two extreme scenarios is relatively low and 
thus only the low coherence case is used for further analysis in this study.

2.4 Electrolyser system description
The specifications of the electrolysis plant located at the Wunsiedel Energy Park in Northern Bavaria;
Germany are used as theoretical case study in this work. It is a PEM electrolyser of the Siemens Silyzer 
300 series, with a nominal capacity of 8.75 MW. It consists of twelve electrolysis stacks divided equally 
into two modules, which can be operated independently. The technical specifications according to the 
manufacturer are listed in Table 1:
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Table 1: Siemens Silyzer 300 specifications (Siemens Energy)

Electrolyser model Siemens Silyzer 300
Nominal electrical power 
Module minimum load

Module ramp rate
Warm startup time

8.75 MW
40 %

10 %/s
60 s

3 CASE STUDIES & RESULTS

In this study, a direct coupling between the electrolyser and the wind turbines is considered direct, 
omitting the buffering effect of any energy storage systems. The wind park provides the complete input 
power for the electrolyser. The operation of the electrolyser focuses on maximum hydrogen production 
and thus maximum energy consumption, while excess power is dispatched to the grid. All use cases are 
compared by means of their respective hydrogen production and energy utilisation rate (Figure 9), 
which is defined as the ratio of utilised to supplied energy. The calculation of hydrogen production is 
based on the polarisation curve provided by Järvinen et al. (2022), for an experimental PEM electrolysis 
cell kept at 75 C and operational range up to 1.8 A/cm2. Voltage efficiency is defined according to 
Lettenmeier (2021) in terms of the higher heating value. Furthermore, faradaic efficiency for ambient 
pressure operation is derived from experimental data in Yodwong et al. (2020). Hydrogen production
rate is correlated to the cell input power and total efficiency , which is the product of its 
faradaic and voltage efficiency , by the following equation (Antoniou et al., 2024):

.                                                (4)
Hydrogen production is scaled to the rated wind source capacity, in order to enable direct comparison 
between all the use studies and the case where the electrolysis plant is coupled with a wind park, 
consisting of ten turbines (Section 3.2).

Regarding the operating strategy, split range control of the electrolyser is assumed to follow a type of
“last in-first out” approach, where operation of the first module is prioritised as power input increases. 
At the base case of 2 modules for example, upon reaching the 40 % threshold (Table 2), the second 
module is activated and load is distributed equally. During its 60 s startup delay, the first module utilises 
the respectable load up to its operating range:

Table 2: Electrolyser operating strategy at base case (2 modules)

Input power Load distribution
0% – 20%

20% – 40%
40% – 100%

[0 | 0]
[P | 0]

[P/2 | P/2]

3.1 Effect of average wind speed

In the first case, the electrolyser is assumed to have capacity equal to the nominal capacity of the single 
wind turbine, which is described in section 2.2. Two different scenarios are examined with average 
wind speeds below and above the rated wind speed to demonstrate the contrast in the wind turbine 
operating regimes. Figure 4 illustrates the electrolyser power input and load for each module, scaled at 
the rated electrolyser capacity. Both electrolyser modules are in operation at the beginning of the 
investigated time period. As it can be seen in Figure 4 (left), on-off operation at lower wind speeds is 
heavily affecting load following capability, due to the 60 s delay at startup. As long as the modules are 
in operation, the input load fluctuations are captured efficiently. In Figure 4 (right), wind speeds above 
the turbine rated speed lead to steady operation periods and total energy utilisation reaches 100 %.
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Figure 4: Electrolyser (2 modules) operating at wind power input for 8 m/s (left) and 12 m/s (right) 
average wind speed

3.2 Effect of wind park filtering
In this case, electrolyser capacity is scaled to 100 % of the nominal power of a wind park consisting of 
ten wind turbines, with aggregate output characteristics similar to the specific plant presented in section 
2.3. In comparison with the previous case in section 3.1, the filtered load leads to fluctuations of lower 
magnitude and to a higher power utilisation from the electrolyser, caused by the reduced number of 
shutdowns as shown in Figure 5 (left). At higher wind speeds in Figure 5 (right), predominantly steady 
operation at full load is achieved for both modules.

Figure 5: Electrolyser (2 modules) operating under power input by a wind park of ten wind turbines 
at 8 m/s (left) and 12 m/s (right) wind speed

3.3 Effect of module number
Two additional cases are examined, considering one (Figure 6) and four (Figure 7) independent modules 
with similar specifications and operating strategies, subject to the same load profiles, like the base case 
of 2 modules (Section 3.1). Target is to demonstrate the system design sensitivity to modularisation in 
the case of reducing and increasing their number by a factor of 2. It can be concluded that an increased 
number of modules can contribute to better energy utilisation and a higher hydrogen production, as
other studies remark, e.g. Lange et al. (2023), mainly because the minimum operation threshold of the 
entire plant gets lower. Electrolyser operation in a single module, leads to underutilisation of input 
energy, due to the limited operational range. On the other hand, operation above rated wind speed is 
efficiently capturing power fluctuations, as long as it operates without any shutdown events.
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Figure 6: Electrolyser (1 module) operating under power input of 8 m/s (left) and 12 m/s (right) wind 
speed

Figure 7: Electrolyser (4 modules) operating under power input of 8 m/s (left) and 12 m/s (right) 
wind speed

3.4 Effect of electrolyser capacity
In this case (Figure 8), the rated electrolyser capacity is dimensioned at 50 % of the nominal power of 
the single wind turbine. This value is comparable with other studies (Hassan et al., 2023 and Hofrichter
et al., 2023) that have examined the optimal electrolyser-to-wind source capacity ratio in actual use 
cases. At lower wind speeds, as depicted in Figure 8 (left), utilisation is sufficiently high, mainly 
because of the lower activation threshold and less shutdowns. However, only 15 % more energy 
utilisation is achieved, and 17% more hydrogen is produced, in comparison with the 4-modules case
(Figure 7 - left). In Figure 8 (right) it can also be observed, that at higher wind speeds hydrogen 
production is almost halved, compared with the full capacity case, while electrolyser operation exhibits 
a nearly steady profile. On that account, the sizing of the electrolyser capacity depends strongly on the 
expected performance of the coupled wind plant and can thus be preliminarily estimated using the 
annual, location-specific wind data.
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Figure 8: Electrolyser (2 modules), scaled at 50% of wind power plant, operating under power input 
of 8m/s (left) and 12m/s (right) wind speed

Figure 9: Utilisation rate and hydrogen production in all use cases

4 CONCLUSIONS

This work demonstrates the impact of volatility on the operation of a PEM electrolyser system that is 
directly coupled with a wind power source. Firstly, it has been estimated how primary wind speed 
fluctuations are filtered at high frequencies by wind turbines. Additionally, the geographical dispersion 
of wind turbines within a wind park has been considered, resulting in further aggregate power output
filtering. In conclusion, power volatility is influenced not only by wind characteristics, such as wind 
speed and turbulence intensity, but also by wind turbine inertia and its applied control systems, as well 
as geographical distribution and site-specific wind behaviour inside a power plant. The case study
presented here is based on the specifications of the PEM electrolysis plant located at the Wunsiedel 
Energy Park in Northern Bavaria, Germany. Several modular configuration and rated capacity cases
operating under different load profiles have been investigated.

Technical specifications are shown to affect the electrolyser energy utilisation capability and hydrogen 
production. In particular, the minimum operating threshold and warm startup time play a major role in 
the electrolyser operation. However, the nominal ramp rate of 10 %/s was deemed as sufficient to 
capture all input power fluctuations, that exhibited lower speeds. Furthermore, using a higher number 
of independent modules provides increased uptime and hydrogen production, mainly due to fewer 
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shutdowns and faster activation. Module number dimensioning should be evaluated on the electrolysis 
plant level, to determine whether enhanced performance outweighs the increased system complexity. 
The modular configuration can nevertheless be further optimised in terms of operating strategy and 
power input allocation. Capacity dimensioning of the electrolyser has been examined in two cases: 
100 % and 50 % of the nominal capacity in the wind power source. At high wind speed levels, halving 
electrolyser capacity leads to a considerable decrease in produced hydrogen and overall energy 
utilization. However, at low wind speed operation this difference is negligible. It is thus evident, that 
there is a lot of potential for rated capacity optimisation, taking into consideration further techno-
economic criteria. 

Overall, this study establishes a framework base for the dimensioning of an electrolyser under dynamic 
operation. A wide selection of the conditions and limitations in coupling the electrolyser with wind 
power sources has been addressed and future work will concentrate on the optimisation of the 
electrolyser capacity, modular configuration and operating strategy, considering cumulative 
degradation and techno-economic parameters. 

NOMENCLATURE

cp Power coefficient (-)
CH2 Hydrogen energy density (J/kg)
GB Gearbox ratio (-)
J Moment of inertia (kg·m2)

Hydrogen production rate (kg/s)
P Power (W)
R Blade radius (m)
T Torque (N·m)
η Efficiency (-)
λ Tip-speed ratio (-)
ρ Density (kg/m3)

Rotational speed (rad/s)

Subscript
eq equivalent 
f faradaic
G generator
opt optimal
v Voltage
WT wind turbine
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