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ABSTRACT 
Green hydrogen will play a key role in the decarbonization of the steel sector via the direct reduc-
tion path [1]. To meet the demand side, both a highly efficient numbering-up based scaling strat-
egy for water electrolysis is needed as well as flexible operation strategies that follow the fluctu-
ating electricity load. This paper presents a modularization approach for electrolysis systems that 
addresses both aspects by combining different electrolysis technologies into one heterogeneous 
electrolysis system. We present a modular design of such a heterogeneous electrolysis system 
that can be scaled for large-scale applications. The impact of different degrees of technological 
and production capacity-related heterogeneity is investigated using system co-simulation to find 
an optimal solution for the goal-conflict, that the direct reduction of iron for green steel production 
requires a constant stream of hydrogen while the renewable electricity profile is fluctuating. For 
this use-case the distribution of technology and production capacity in the heterogeneous plant 
layout is optimized regarding overall system efficiency and the ability to follow flexible electricity 
profiles. The simulation results are compared with conventional homogenous electrolyser plant 
layouts. First results underline the benefits of combining different technologies and production 
capacities of individual systems in a large-scale heterogeneous electrolyser plant. It is shown that 
the presented modular electrolysis systems can follow the current flow without losing significant 
efficiency. However, for a downstream system that requires a constant hydrogen mass flow, sup-
plementary hydrogen storage is required. 

Keywords: Energy Efficiency, Hydrogen, Process Design, Energy Systems, Renewable and Sustainable En-
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BACKGROUND 
Hydrogen has a thermal and material application 

(purpose) in shaft furnaces. On the one hand, hydrogen 
is used to reduce the iron ore, and on the other hand for 
combustion and the associated melting of the iron ore. 
However, an electrolysis system is needed to provide this 
hydrogen. The electrolysis system presented here is to 
be modularly constructed and heterogeneously scaled. 
The concept and structure of individual modular electrol-
ysis systems have already been explained in the past [2–
4]. A heterogeneously scaled electrolysis system is un-
derstood to be the numbering-up of different electrolysis 
technologies in different sizes in one overall electrolysis 
system. That way technology-specific advantages, like 

high efficiency or increased energy input flexibility, can 
be harnessed more efficiently [5]. Due to an increasing 
amount of renewable energy in the grid, the price of elec-
tricity is also fluctuating more throughout the day. In gen-
eral, it can be said that the electricity price is lowest when 
the proportion of renewable energies in the electricity 
mix is high [6]. These temporal fluctuations need to be 
harnessed by designing flexible control strategies for 
large-scale electrolysis systems, that can follow them. 
Using heterogeneous electrolysis systems can provide a 
bigger operational window and higher flexibility for such 
fluctuating power inputs while maintaining high efficiency 
of hydrogen production resulting in lower hydrogen cost.  
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METHODS & IMPLEMENTATION 

Assumptions 
An average fictional steelworks with a production 

capacity of 125,000 kg/h of briquetted sponge iron was 
set up as a boundary condition [7–9]. To produce the 
mass flow of briquetted sponge iron, a minimum of 6364 
kg/h of H2 are required. This can be calculated from the 
stoichiometry in the reduction equation in (1). 
 

𝐹𝐹𝐹𝐹2𝑂𝑂3 + 3 𝐻𝐻2  → 2 𝐹𝐹𝐹𝐹 + 3 𝐻𝐻2𝑂𝑂 ∆𝐻𝐻𝑅𝑅 = 99,5 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘−1 (1) 

This calculated minimum requirement shall define 
the lower boundary of the demand side. To define the 
fluctuating energy side, synthetic ‘Solar Power Data for 
Integration Studies’ data from the National Renewable 
Energy Laboratory for the state of New York [10] is used 
as a initial scenario. The data was created specifically for 
system integration studies, as in this study. The solar 
power data consists of 5-minute solar power data with 
hourly Day-Ahad forecasts and refers to the year 2006. 
The data generated from the 5-minute data set was de-
veloped by NREL using a ‘Sub-Hour Irradiance Algorithm’ 
[10]. The first week of January and the first week of July 
of this 5-minute time-step data were extracted and the 
data was normalized against the maximum within the 
sample set to define the operating point inputs between 
zero load and nominal load of the electrolysis system. 

As shown in Table 1 the scaled modular and hetero-
geneous electrolysis system consists of aggregated 
blocks of both the electrolysis technologies alkaline elec-
trolysis (AEL) and the proton exchange membrane elec-
trolysis (PEMEL), as these two are the technologies with 
the highest technology readiness level (TRL). In our de-
sign an AEL block consists of eight AEL stack units with 
an output of 5 MW each that are connected to a lye cir-
culation module. A PEMEL block consists of two PEMEL 
stack units with an output of 2 MW each that are con-
nected to a DI-water circulation module [3,11]. A DI-water 
circulation module is a process engineering unit that has 
been specially developed for the circulation of treated 
water through the satellite unit. It also takes over the sep-
aration of product gases hydrogen and oxygen from the 
water circuit [3,11]. An efficiency of ηAEL= 0.68 was as-
sumed for the AEL and an efficiency of ηPEMEL= 0.63 for 
the PEMEL relative to the lower heating value of hydro-
gen [11]. 

Another assumption is that at least one AEL block is 
always operated to ensure a minimum hydrogen volume 
flow for the subsequent process. This is since AEL cannot 
react as quickly to power changes and has a higher effi-
ciency than PEMEL, which makes it more interesting for 

constant operation. The AEL was assumed to have a load 
gradient of 30 %/s ramp-up and 10 %/s ramp-down while 
the load gradients of the PEMEL are 50 %/s in ramp-up 
and 40.6 %/s in ramp-down. [11] 

Optimization problem 
The hydrogen mass flow generated can be approx-

imately calculated according to equation (1), where the 
nominal power of the two electrolysis technologies in hy-
drogen production are multiplied with their respective 
system efficiency and divided by the gravimetric calorific 
value of hydrogen, which is 33.33 kWh kg-1 [12]. 

𝑚̇𝑚𝑚𝑚𝑚𝑚𝑚𝑚 [
𝑘𝑘𝑘𝑘
ℎ

] =
𝐴𝐴 ∙ 8 ∙ 5000[𝑘𝑘𝑘𝑘] ∙ 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐵𝐵 ∙ 2 ∙ 2000[𝑘𝑘𝑘𝑘] ∙ 𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃

33,33 [𝑘𝑘𝑘𝑘ℎ
𝑘𝑘𝑘𝑘 ]

 (1) 

The variables ‘A’ and ‘B’ presented in Formula (2) and 
(3) are used to calculate the distribution of the AEL and 
PEMEL. The variable ‘A’ represents a selected number of 
AEL blocks, starting with 0 blocks, scaled up step by step 
to 10 AEL blocks. The variable ’B’ represents the corre-
sponding number of PEMEL blocks, which can be calcu-
lated with the maximum hydrogen massflow given, using 
formula (2): 

𝐵𝐵 [−] =  
𝑚̇𝑚𝑚𝑚𝑚𝑚𝑚𝑚[𝑘𝑘𝑘𝑘ℎ ] ∙ 33,33[𝑘𝑘𝑘𝑘ℎ

𝑘𝑘𝑘𝑘 ] − 𝐴𝐴 ∙ 8 ∙ 5000[𝑘𝑘𝑘𝑘] ∙ 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴
2 ∙ 2000[𝑘𝑘𝑘𝑘] ∙ 𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃

 (2) 

As boundary conditions, the number of respective 
technology blocks, A and B, cannot be below a set mini-
mum threshold. For these first evaluations, the threshold 
has been set to 0. 

𝐴𝐴 > 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 

𝐵𝐵 > 𝐵𝐵min 
(3) 

Table 1: Configurations of aggregated AEL and PEMEL 
blocks 

Config AEL PEMEL 
   
   
   
   
   
   
   
   
   
   
   

 
As this is to be a heterogeneous electrolysis system, 
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both electrolysis technologies must be installed in one 
electrolysis system. The fifrst scaling configuration is an 
AEL block in conjunction with 91 PEMEL blocks. Based on 
this, the AEL blocks are now gradually increased up to 
eight AEL blocks while simultaneously reducing the num-
ber of PEMEL blocks to keep the total H2 capacity (1 AEL 
block equals 11 PEMEL blocks). Table 1 shows the eleven 
possible configurations of AEL and PEMEL blocks. 

The overall efficiency of the electrolysis system is 
calculated from the number of blocks in the system and 
the individual efficiencies of the electrolysis technologies 
using equation (4). The values of the individual efficien-
cies were taken from [11].  

 
𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠 [−] =

𝐴𝐴 ∙ 8 ∙ 5000[𝑘𝑘𝑘𝑘] ∙ 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐵𝐵 ∙ 2 ∙ 2000[𝑘𝑘𝑘𝑘] ∙ 𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃
𝐴𝐴 ∙ 8 ∙ 5000[𝑘𝑘𝑘𝑘] + 𝐵𝐵 ∙ 2 ∙ 2000[𝑘𝑘𝑘𝑘]  (4) 

 
To evaluate the system flexibility the Expected Un-

served Flexible Energy (EUFE) value is calculated for the 
described input scenario of solar power input in 5-minute 
time-steps [13]. The power input behavior of the electro-
lyzer blocks is simplified, using the load gradient param-
eters for a linear load ramp-up and ramp-down from 
Lange et al. [11]. The EUFE can now be determined from 
the specified operating point of the scenario and the ac-
tual operating point of the electrolysis system, following 
the requested load changes of the solar power input pro-
file. Often the EUE value is also used for this, which 
stands for “Expected Unserved Energy”, but both de-
scribe the same thing [14]. According to equation (5), the 
power of the scenario is subtracted from the power of the 
actual operating point at each time step and integrated 
over the period under consideration. 

 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 [𝑘𝑘𝑘𝑘ℎ] = �𝑎𝑎𝑎𝑎𝑎𝑎((𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) − 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡))𝑑𝑑𝑑𝑑 (5) 
 
One problem with the EUFE value is the comparabil-

ity of different scenarios and systems. As this is a contin-
uous summation of the differences in output, the EUFE 
value is heavily dependent on the consideration of the 
time length of the scenario and the system under consid-
eration. Therefore, the authors of this study aim to modify 
the EUFE value to consider the flexibility of a system that 
is more independent of the scenario under consideration 
and the system performance of the system under con-
sideration. For this purpose, the EUFE value is related to 
the integrated power input of the scenario. The resulting 
value represents the share of energy in the scenario that 
cannot be utilized by the system under consideration. 
This value is referred to below as the “Lange-Große-Co-
efficient” (LGC) and is calculated using equation (6): 

𝐿𝐿𝐿𝐿𝐿𝐿 =
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

∫𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)𝑑𝑑𝑑𝑑
 (6) 

 

The Levelized Cost of Hydrogen (LCOH) was also 
calculated according to [15]. 

𝑀𝑀 = �
𝑦𝑦 = 𝑓𝑓(𝜂𝜂,𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑚̇𝑚𝐻𝐻2)

𝑠𝑠. 𝑡𝑡.𝐿𝐿𝐿𝐿𝐿𝐿 ≤ 5%
𝑠𝑠. 𝑡𝑡. 𝑚̇𝑚𝐻𝐻2 ≥  𝑚̇𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

 (7) 

 
Equation (7) describes the model of the optimisation 

problem. 

DISCUSSION  
The system configurations listed in Table 1 were 

simulated in MATLAB/Simulink. The results are summa-
rized in  

Figure 2. The dots reflect the LGC (see equation (6)) 
against the system efficiency, the triangles the calcu-
lated LCOH against the system efficiency. The LGC in-
creases linearly with the system efficiency, which is due 
to the increase in AEL in the overall system. In contrast, 
the LCOH behaves inversely proportional and decreases 
with the increase of the AEL in the overall system. If the 
LGC must not rise above a value of 5%, configurations 7-
10 would not apply. 

 
Figure 1: Comparison of the system outputs of the 
optimum case (Con. 6, orange line) and the two marginal 
cases (Con. 0, green line and Con. 10, blue line) with the 
outputs entering the electrolysis system to illustrate the 
‘start-stop principle’ operating strategy [11,16]. Due to the 
absence of the AEL and the associated base load in Con. 
0, smaller partial load ranges below 3% are also utilised. 
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Configuration 0 with a 100% share of PEMEL repre-
sents the first edge case. In contrast to the systems with 
AEL blocks there is no base load component in this edge 
case. As a result, every change in the input power is 
adopted, which means that the LGC is higher than in con-
figuration 1. This shows, that the LGC needs further ad-
justments become even more independent of the flexibil-
ity requests of the input scenario. With the introduction 
of the base load by the AEL, the LGC decreases, while at 
the same time increasing the system efficiency. The sec-
ond edge case is configuration 10 with a 100% AEL share. 
Here it is the case that when the minimum load of the AEL 
is reached, only the start-stop principle is used [11]. 

The two edge cases consisting of 100% PEMEL 
(configuration 0) and 100% AEL (configuration 10) are in-
cluded in the analysis of the modular and heterogeneous 
electrolysis system. These two modular homogeneous 
scaling cases show anomalies, as can be seen in Figure 
2. For the configuration, the increase in LGC is due to the 
distribution of power within the system. No minimum load 
was initially defined for the PEMEL, which enables the 
PEMEL to follow the power and the associated flexibility 
signals exactly. Flexibility signals are time steps at which 
the incoming power into the system changes, to which 
the system in turn must react. As soon as the AEL is 
added to the system, flexibility signals that are below the 
minimum load are ignored and are therefore not included 
in the calculation of the LGC, which is why the LGC drops 
in the first configuration. 

The second edge case in configuration 10 shows a 
drop in the LGC. This is since anomalies also occur during 
system start-up, just as during system shutdown. With a 
start-stop strategy that only allows the system to be op-
erated at 100% power, flexibility signals that are not suf-
ficient to start up an entire AEL block are ignored. This 
leads to a reduction in the LGC. This lack of capacity was 
compensated for by the PEMEL in the previous configu-
ration. One solution could be to shut down an AEL block 
to start a new one. This must be done on the condition 
that it is known that the incoming power will continue to 
increase. One solution could be to shut down an AEL 
block in order to start a new one. This must be done on 
the condition that it is known that the incoming power will 
continue to increase. The shutdown behavior of the sys-
tem can also be further optimized. Here, several AEL 
units could initially be run in a partial load range instead 
of taking entire units out of operation. This would have an 
additional effect on the efficiency of the system, as the 
AEL systems are more efficient in the partial load range. 
Optimisation can still take place for both edge cases, as 
the same operating strategy was selected for the modu-
lar homogeneous systems as for the modular heteroge-
neous systems to establish comparability.  

 
Figure 2: Lange-Große-Coefficient (LGC) and Levelised 
Cost of Hydrogen (LCOH) vs. system efficiency. All 
modular heterogeneous system configurations from 
Table 1 (Con. 1-9) are shown, including the two edge 
cases for modular homogeneous system configurations 
(Con. 0 and Con 10). The LGC is represented by a dot in 
the diagram, the LCOH by a triangle, and each 
configuration has its own colour. Dabei ist ein Abfallen 
der LCOH mit steigender A drop in the LCOH can be 
recognised with increasing system efficiency, which is 
the same for Con. 8 reaches a minimum. The LGC 
increases linearly with increasing system efficiency, if the 
two marginal cases are disregarded. 

The weighted optimum is the sum of the system ef-
ficiency, the LGC and the LCOH. For this purpose, the 
LCOH is normalised and related to the lowest value. The 
same is done for the LGC. For both values, a low value is 
better than a high one. The system efficiency is also nor-
malized to the value. The rule here is that a high system 
efficiency is better. The sum of these three normalized 
values can now only be between 0 and 3. As shown in the 
Figure 3 weighted optimum drops further with each con-
figuration. With the previously established boundary con-
dition that the LGC should not be above 5%, configuration 
6 turns out to be the optimal distribution between AEL 
and PEMEL. 
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Figure 3 The weighted optimum for all configurations. 
Configuration 6 is marked in green, all configurations 
outside the 5% limit of the LGC are marked with red dots. 

CONCLUSION 
As has been shown, a fluctuating current curve can 

be followed with the modular heterogeneous electrolysis 
systems shown. This results in an optimum within the dis-
tribution of electrolysis technologies. An optimally com-
posed electrolysis system consisting of 58% AEL and 
42% PEMEL was determined for the scenario shown for 
an average fictional steelworks. With this composition, 
high efficiency at low LCOH can be guaranteed in a sys-
tem that is able to respond to flexibility signals with an 
LGC of less than 5%. This system composition is there-
fore to be favored in operation. While the LCOH between 
configuration 6 and 10 fluctuate by 0.51 €/kg H2, the LGC 
between these two configurations fluctuates by 0,75%. 
To put this into perspective, the LCOH decreases be-
tween configurations 1 and 6 by 2.98 €/kg. Although an 
electrolysis system consisting purely of AEL has lower 
operating costs of 0.51 €/kg, it cannot react as quickly to 
power fluctuations. This flexibility advantage can be use-
ful in the future, especially with flexible electricity tariffs. 

OUTLOOK 
As shown in the previous section, the LGC must be 

made even more scenario-independent. No flexibility sig-
nals below the minimum load should be ignored. If 

flexibility signals cannot be served, this must be included 
in the LGC to ensure full comparability with the marginal 
cases. 

Furthermore, the load distribution within an electrol-
ysis system must be further adapted. As has been shown, 
the LGC can be reduced even further with a further cus-
tomized operating strategy. A comparison of different 
operating strategies in a modular heterogeneous plant 
design with different electrolysis technologies must be 
investigated further; the foundations for this have al-
ready been laid in [11,16]. 

Another point is the simulative integration of high 
temperature electrolysis (HTEL) into a system with AEL 
and PEM. Here it may be possible to further increase the 
base load efficiency by extracting heat and the associ-
ated vaporization of water for the HTEL. 

Furthermore, the relationship between a fluctuating 
current input and a subsequent process such as direct 
iron reduction after electrolysis, which requires a con-
stant hydrogen mass flow, is still unclear. At this point, 
energy storage is required, either on the electricity or the 
hydrogen side of the process. A suitable method needs 
to be developed to define the right ratio between elec-
tricity and hydrogen storage. 
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