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1 Introduction  
In the current situation of energy transformation that the world, including the European Union, is 
required to carry out, new technologies need to be established in the energy system. A large part of 
the contribution of a future and decarbonised energy system is renewable energy system, mainly solar 
PV and wind. However, these energy sources have a variable production depending on weather 
conditions. Therefore, flexibility has become a key element in the future energy system. Additionally, 
a large part of the energy system is expected to be electrified, but many sectors and applications are 
harder to decarbonise and alternatives need to be found. The European Union has developed a new 
energy strategy, where part of the harder sectors to decarbonise will rely on low-carbon gases, 
including hydrogen [1].  

During the course of the global pandemic in 2020, several initiatives of investment and reconstruction 
have been implemented. As mentioned by the International Energy Agency (IEA) in its last World 
Energy Outlook [2], one of the biggest consequences and risk of the pandemic is the considerable 
reduction in energy investment. An important initiative from the European Union and member states 
have been defining different energy strategies (also hydrogen strategies and plans), in order to 
increase investment in low-carbon technologies [3].  

Hydrogen produced by variable wind production can become an opportunity for wind farm operators 
to be able to provide flexibility to the energy system and contribute to its decarbonisation. However, 
water electrolysis is still today a technology that is not competitive with other forms to produce 
hydrogen from natural gas. Therefore, it is important to study the possible business models for 
hydrogen production through water electrolysis to accelerate the implantation of this technology. An 
extra source of income for an electrolyser can be the participation on the balancing markets. Thus, this 
is one of the main topics of this study, namely to study hydrogen production at wind farms in relevant 
European countries with favourable wind resources, while looking at the possibilities for extra income 
from balancing markets and the expectations of future electricity prices. 

1.1 Objectives 
The main objective of this deliverable is to study the possibilities of hydrogen production for wind farm 
operators, with a special focus in market outlook and balancing markets. To achieve this goal, different 
locations with wind farms of different sizes located in three European countries (Norway, Spain, 
Germany) have been selected. Previously, in the course of the project, several deliverables have 
studied the tecno-economic characteristics of wind farms with hydrogen production, including the 
locations of Raggovidda and Smøla in Norway and Moncayuelo in Spain. In the last one, Deliverable 
D5.3 [4], also aFRR was studied for Moncayuelo. 

This deliverable expands this type of study, including the uncertainty related to future prices and a 
combination of strategies of the electrolyser's operation to obtain the most optimal solution. Thus, the 
main objectives can be summarised as follows: 

• Study the business case of hydrogen generation within wind farms in relevant European 
countries: Norway, Spain and Germany. 

• Detail and quantify the opportunities for these three locations and try to draw general 
conclusions for this specific business case. 
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• Study the effect of the future stadium of the energy system, considering different scenarios 
for electricity price and balancing market situation and its effect on the economic results. 

1.2 Content description 
The content of this deliverable is organised as follows. Section 2 presents the methodology and the 
model used in the analyses, together to the key performance indicators used (KPIs). In Section 3, the 
different markets analysed are presented and the market outlook for balancing markets is estimated. 
The studied business cases are described in Section 4, including the economic data and scenarios and 
sensitivities. Section 5 presents the analysis of the results for the three locations and the considered 
variations and sensitivities. Finally, in Section 6 the results are discussed, and conclusions are drawn. 



   

Business case analysis for hydrogen in European wind farms Page 9 of 59 

2 Methodology 
The methodology used to study the business case of hydrogen production within wind farms will be 
mainly based on the tool HyOpt [5], developed by SINTEF, described below. Together with HyOpt, the 
system description and data acquisition both from project partners and open sources has been the 
base to describe the locations and the cases for the business case analysis, detailed below. 

2.1 The HyOpt model 
HyOpt is an optimization model for the technical and economic design and evaluation of energy 
systems including hydrogen-based technology [5]. Given a structure of the energy system plus 
expected energy demands and costs, the model decides which elements should be included and with 
what capacity, in order to optimise a given objective—typically maximizing the net present value of 
the whole modelled system. In addition to the proposed structure, the model also decides (dynamic) 
operation of the elements and reports investment and operational costs over a specified time horizon. 
In addition, the model provides an economic evaluation of the system and analyses of different 
scenarios and sensitivities that contribute with the decision-making process. 

HyOpt consists of three parts: an Excel front end, an SQLite database, and the optimization model 
itself, written in the FICO™ Mosel optimization language [6]. The typical workflow starts by specifying 
the input in the Excel front end. This includes the list of the proposed network elements and their 
properties, the time structure and all required time series. Then one runs Mosel, which reads the input 
data from Excel or the database, constructs an optimization model instance, solves it using the FICO™ 
Xpress solver, and then pushes the results back to the Excel file and the database. Thereafter, one can 
study the results in several automatically generated tables and charts.  

All elements in the modelled system are represented as nodes with some specified properties. Then, 
products (such as electricity, hydrogen or heat) are produced in some nodes, transported, stored and 
consumed in others, so the products are modelled to be able to flow between nodes. The flow can be 
optionally allowed only in some periods, which allows for modelling of downtime, or availability of a 
transport between two nodes (such as a ship). 

One of the main uses of the model is to find which nodes should be installed, at what time, and with 
what capacity in the case of a design analysis of an energy system. Another use, which is the one used 
in this deliverable, is the use for systematic economic analysis. These are performed by defining the 
energy system and study the effect of different cases or situations, to obtain the economic effects and 
optimum operation. Note that the capacity can be modelled either in power (flow), typically for 
production nodes, or in energy (volume) for storage nodes. A more detailed description of the model 
can be found in the SINTEF report [5]. 

2.2 Balancing markets and frequency regulation 
Balancing means processes and actions taken to maintain the power system's frequency between 
acceptable limits. The responsible of balancing are the transmission system operators (TSOs), which 
also have the responsibility of secure the required reserves with the necessary quality. The balancing 
process is divided in three parts [7]: 

1. TSOs estimates the amount of needed reserves. 
2. TSOs procure the balancing capacity necessary. 
3. TSOs make also procure balancing energy. 
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The so-called Balancing service providers (BSPs) are the ones that can offer and provide balancing 
services. They are generators, demand response facilities, or, in this case, wind farms with flexible 
electricity production (using an electrolyser). There are four main balancing products, shown in Figure 
1: FCR (Frequency containment reserve, formerly named primary regulation), aFRR (automatic 
frequency restoration reserve, formerly named regulating power or secondary regulation), mFRR 
(manual restoration reserve, formerly named reserve power or tertiary regulation) and RR 
(replacement reserve). As seen in , the balancing products are alternated when the frequency 
deviation happens, and different balancing capacities are used during short time periods first (from 
30s. for FCR) to longer periods in the end (more than 15 minutes for RR). 

 

Figure 1 Balancing market processes for frequency restoration in Europe, from [7] 

An electrolyser must be certified to provide frequency regulation. Even though the electrolyser can 
change its production from standy-by very promptly it is difficult to obtain a certification for primary 
frequency regulation, as the electrolyser provider in Haeolus, Hydrogenics (now Cummins [8]), 
affirmed on email correspondence. In the case of secondary regulation or automatic frequency 
restoration reserve (aFRR), one needs a certification as well and the TSO takes control over electricity 
production and thus hydrogen production. Secondary regulation is activated to maximum 15 minutes 
and requires certification. Moreover, aFRR is gaining importance in Scandinavia [9], and FCR is not 
remunerated in Spain, the focus of the analysis will be aFRR as the more promising frequency 
regulation product to be delivered by wind-hydrogen power plant operators. A more detailed 
description of the aFRR characteristics in the different locations is presented later in Section 3.  
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2.2.1 Data from balancing markets 
Depending on the country, balancing market data is available in different websites. A summary list is 
presented below (more detailed information is given in Section 3. 

• Norway: The balancing capacity and price has been obtained from Statnett [9]. Activation 
information was obtained from Nord Pool [10]. 

• Spain: Data about capacity reserve and activation is found on the website Esios [11]. 
• Germany: The capacity and activation data and price can be found on the website 

Regelleistung [12] and activation from Smard [13]. 

2.2.2 Electricity prices 
To represent the electricity prices that mean part of the income of wind farms, time series of day-
ahead price were used to represent the spot price of electricity. For the three chosen markets the 
following three sources are listed below. 

• Electricity prices of Norway are available at the webpage of Nord Pool [10].  
• Esios [11] contains the information of electricity price in Spain. 
• The information of historical spot prices in Germany is found in Smard [13]. 

2.2.3 General assumptions for aFRR 
Due to the complex nature of balancing markets, several simplifications were needed to introduce the 
potential balancing income into the analyses performed in HyOpt. The aFRR modelling in HyOpt 
consists of the electrolyser selecting an operation zone that limits electricity consumption (obtaining 
a revenue for this limitation) and assures the ability to increase or decrease the electricity consumption 
of the electrolyser in case of aFRR activation. Thus, the wind farm receives a revenue for the capacity 
(in MW) that is left outside the operation zone and then bidden for the aFFR market (specified by 
historical data for each location and time period). Then, hydrogen production must be within the 
reserved capacity limits. However, if there is a requirement for activation of the reserved capacity, the 
hydrogen production will be altered by the activation amount (based again on historical data). The 
payment for balancing energy is summarised in Table 1, and varies depending on whether the 
balancing energy price is positive or negative and whether the electrolyser provides positive or 
negative balancing energy, explained more detailed in Section 2.3 below. 

Table 1 Payment for balancing energy depending on price (positive or negative) and balancing direction (positive or negative), 
from [14]. 

 Payment for balancing energy 

 Balancing energy price positive Balancing energy price negative 

Positive balancing energy Payment from TSO to BSP Payment from BSP to TSO 

Negative balancing energy Payment from BSP to TSO Payment from TSO to BSP 
 

The list of assumptions used in the analyses to adapt to the modelling restrictions and available data 
are the following: 

• Bids are automatically accepted. 
• Knowledge of all price and activation conditions of all balancing products. 
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• Any quantity can be bidden on each balancing market. 
• In those cases where the capacity or energy price is the bid price, it is assumed the average 

price paid in that market. 
• If activation data is available, a normalised profile (values from 0 to 1) with the activation in 

that period is generated with activation per hour. 
• Access to aFRR is guaranteed for the electrolyser. 

2.3 System description 
The concept developed in Haeolus consists of the addition of an electrolyser to a wind farm. The 
electrolyser will produce hydrogen when electricity prices are low or even negative and, at the same 
time, it will provide balancing services to the grid, thanks to its capacity to change its production in a 
matter of seconds.  

In Figure 2 the energy flows (electricity and hydrogen) are displayed. The allowed capacity used in the 
electrolyser is from 0-100% of its capacity. If the electrolyser lowers its operation upper limit (blue in 
the picture) then, when this reserved capacity is activated by the TSO, the electrolyser will produce 
extra hydrogen (consuming a larger amount of the electricity produced by the wind farm) and thus 
providing downward regulation or negative balancing energy (less energy is sent to the grid). The 
opposite happens for upward regulation or positive balancing energy (orange in Figure 2), where the 
operation's lower limit is increased (reserved to the balancing market) and the amount of hydrogen 
production can be reduced to increase the electricity from the wind farm that is sent to the grid. 

 

Figure 2 Energy flows of a generic wind farm with electrolyser selling hydrogen and providing balancing services 

The system elements included in HyOpt together with the different cash flow elements considered in 
this deliverable are displayed in Figure 3. Expenses originate from operation costs of installed 
equipment, investment and operation of the new elements (electrolyser, hydrogen storage and new 
wind capacity) and different grid taxes and fees depending on the country. The potential incomes are 
hydrogen sold to customers, electricity sold to the grid, balancing income (capacity and energy) and 
different support schemes for renewable production depending on the country.  
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Figure 3 Cash flow elements which are part of the business model of a wind farm operator with the Haeolus concept (red 
indicates expenses and green sources of income) 

In Haeolus' deliverable D5.3 [4], it was stated that the most economical solution for wind farm 
operators who are interested in hydrogen production is when optimal H2 production1, together with 
congestion management and frequency regulation are included. Thus, the cases will be modelled in 
HyOpt to allow for defining the most optimal operational decisions (when to produce hydrogen, 
reserved capacity for frequency regulation for each period, how much it is sold to the grid etc.). 
Therefore, the model will calculate the optimal net present value (NPV) after a given investment time 
horizon (20 years) and will take all strategic and operational decisions considering the modelled system 
dynamics. The results will provide a good decision basis for the best way forward for wind farm 
operators who wish to start producing hydrogen in the near future. 

2.4 Time structure 
For the implementation of the business cases into the model, two main temporal parameters that are 
an input of the model are defined, based on the investment horizon, defined as 20 years in the 
analyses: 

• Strategic periods (𝑠𝑠): temporal unit where investments are allowed at the beginning of it. In 
these analyses two strategic period are selected with a duration of 10 years each, with a total 
duration of 20 years, the same duration of the investment horizon. 

• Operational periods (𝑜𝑜𝑜𝑜): they represent the operation of the modelled energy system. It 
consists of a year's period with hourly resolution (that means 8760 operational periods per 
scenario and strategic period). Thus, this year is considered representative for each strategic 
period, the first one considering the current electricity prices and balancing markets, whereas 
in the second strategic period, one-year operation period is selected with estimated future 
spot prices and balancing markets. 

 
1 The production of H2 at the minimum possible cost by means of an electrolyser installed and operated within 
the wind farm. Hydrogen is produced, based on the spot market energy prices, when the price is below a certain 
threshold. 
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An illustrative description of the time structure used in these analyses is shown in Figure 4. 

 

Figure 4 Schematic representation of the time structure of the HyOpt model used in these analyses 

2.5 Key performance indicators (KPIs) 
The KPIs that will be used in this deliverable to compare the result obtain in the performed analyses, 
are listed below and each one is defined afterwards. 

• Net present value (NPV). 
• Levelised cost of electricity (LCOE). 
• Levelised cost of hydrogen (LCOH2). 
• Electrolyser's utilisation. 
• Balancing income percentage. 
• Hydrogen income percentage.  

Net present value (NPV) is the discounted sum of all cash flow after the investment horizon. The 
discount value includes expenses, incomes and the values are adjusted according to a defined discount 
rate, specified later in this document. The formula below defines the NPV as it is used in the model 
HyOpt. 

   

𝑁𝑁𝑁𝑁𝑁𝑁 = ��−𝐷𝐷𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎,𝑠𝑠 · � Income𝑠𝑠,𝑎𝑎

𝑡𝑡

𝑎𝑎=1
+ 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠 · 𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑠𝑠 + 𝐷𝐷𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎,𝑠𝑠 · � OPEX𝑠𝑠,𝑎𝑎

𝑡𝑡

𝑎𝑎=1

𝑠𝑠𝑠𝑠

𝑠𝑠=1

+ �
𝑅𝑅𝐶𝐶𝑠𝑠,𝑎𝑎

(1 + 𝑑𝑑)𝑎𝑎

𝑡𝑡

𝑎𝑎=1
� 

(1) 

Where, 

• 𝑡𝑡: duration of a strategic period 𝑠𝑠 (in this deliverable, 10 years). 
• 𝑑𝑑: real discount rate considering inflation (in this deliverable, 0.049). 
• 𝐷𝐷𝑦𝑦: yearly discount factor, calculated as 𝐷𝐷𝑦𝑦 =  1

(1+𝑑𝑑)
 

• 𝐷𝐷𝐷𝐷𝑠𝑠,𝑠𝑠: discount factor at the end of a strategic period 𝑠𝑠, 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠 =  𝐷𝐷𝑦𝑦
𝑦𝑦,𝑠𝑠  

• 𝑌𝑌𝑠𝑠: starting year of the strategic period 𝑠𝑠. 
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• 𝐷𝐷𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎,𝑠𝑠: discount rate applied at the middle of the strategic period 𝑠𝑠, 𝐷𝐷𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎 =  𝐷𝐷𝑦𝑦−𝐷𝐷𝑦𝑦𝑡𝑡

�ln(1+𝑑𝑑)
𝑡𝑡 �

 

• Incom𝑒𝑒𝑎𝑎,𝑠𝑠: revenues from the energy system in year 𝑎𝑎 of a strategic period 𝑠𝑠  
• 𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑠𝑠: capital expenditures (including transport and installation costs) due to investments 

in the system in the analysed horizon.  
• OPEX𝑎𝑎,𝑠𝑠: operational and maintenance costs of the system in year 𝑎𝑎 of a strategic period 𝑠𝑠. 
• RC𝑎𝑎,𝑠𝑠: regeneration costs due to periodic reinvestment/regeneration needs to maintain the 

operation of the system (including related transport and installation costs), applied at the end 
year 𝑎𝑎 of a strategic period 𝑠𝑠. 

The LCOE of a wind farm is defined as follows, again based on the model formulation: 

LCOE �
€

𝑀𝑀𝑀𝑀ℎ
�  =

∑ �𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠 · 𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑠𝑠𝑒𝑒𝑒𝑒 + 𝐷𝐷𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎 · ∑ OPEX𝑠𝑠,𝑎𝑎
𝑒𝑒𝑒𝑒𝑡𝑡

𝑎𝑎=1 + ∑ 𝑅𝑅𝐶𝐶𝑠𝑠,𝑎𝑎
𝑒𝑒𝑒𝑒

(1 + 𝑑𝑑)𝑎𝑎
𝑡𝑡
𝑎𝑎=1 �𝑠𝑠𝑠𝑠

𝑠𝑠=1

∑ 𝐷𝐷𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎 · 𝑀𝑀𝑎𝑎,𝑠𝑠 · �∑ 𝑓𝑓𝑜𝑜𝑜𝑜
𝑒𝑒𝑒𝑒,𝑚𝑚 · ∆t𝑜𝑜𝑜𝑜

𝑜𝑜=1 �𝑠𝑠𝑜𝑜
𝑠𝑠=1  

 
 (2) 

Where, 

• 𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑠𝑠𝑒𝑒𝑒𝑒: capital expenditures (including transport and installation costs) in a strategic period 
𝑠𝑠 due to investments in the system associated to the power system (wind turbines). 

• OPEX𝑠𝑠,𝑎𝑎
𝑒𝑒𝑒𝑒 : operational and maintenance costs of the system in year 𝑎𝑎 for the power-related 

components, like those of 𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑠𝑠𝑒𝑒𝑒𝑒. 
• 𝑅𝑅𝐶𝐶𝑠𝑠,𝑎𝑎

𝑒𝑒𝑒𝑒 : regeneration costs due to periodic reinvestment/regeneration needs to maintain the 
operation of the power-related elements of the system (including related transport and 
installation costs), applied at the end year 𝑎𝑎 of a strategic period 𝑠𝑠. 

• 𝑀𝑀𝑎𝑎,𝑠𝑠: strategic period multiplier, it represents the difference between the operation horizon 
(in this case one year) and the strategic period 𝑠𝑠 (ten years). 

• 𝑓𝑓𝑜𝑜𝑠𝑠
𝑒𝑒𝑒𝑒,𝑚𝑚: electricity flow delivered to the grid per operation period 𝑜𝑜𝑜𝑜. 

The LCOH2 can be calculated as the H2 cost price, considering the investment costs in the hydrogen-
related components and considering that the electricity costs are the cost of the spot price if that 
electricity used in the electrolyser would be sold to the grid instead. The formula used is:  

LCOH2 �
€
kg
�

=
∑ �𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠 · 𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑠𝑠𝐻𝐻2 + ∑ 𝑅𝑅𝐶𝐶𝑠𝑠,𝑎𝑎

𝐻𝐻2

(1 + 𝑑𝑑)𝑎𝑎
𝑡𝑡
𝑎𝑎=1 + 𝐷𝐷𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎 · (∑ OPEX𝑠𝑠,𝑎𝑎

𝐻𝐻2𝑡𝑡
𝑎𝑎=1 + 𝑀𝑀𝑎𝑎,𝑠𝑠 · ∑ 𝑁𝑁𝑜𝑜𝑜𝑜𝑒𝑒𝑒𝑒 · 𝑓𝑓𝑜𝑜𝑜𝑜,𝐻𝐻2

𝑒𝑒𝑒𝑒 · ∆t)𝑜𝑜𝑜𝑜
𝑜𝑜=1 �𝑠𝑠𝑜𝑜

𝑠𝑠=1

∑ 𝐷𝐷𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎 · 𝑀𝑀𝑎𝑎,𝑠𝑠 · �∑ 𝑓𝑓𝑜𝑜𝑜𝑜
𝐻𝐻2,𝑚𝑚 · ∆t𝑜𝑜𝑜𝑜

𝑜𝑜=1 �𝑠𝑠𝑜𝑜
𝑠𝑠=1  

 
 

 

  (3) 
Where, 

• 𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑠𝑠𝐻𝐻2: capital expenditures (including transport and installation costs) in the strategic 
period 𝑠𝑠 due to investments in the system associated to hydrogen generation (electrolyser, 
compressor, storage).  

• OPEX𝑠𝑠,𝑎𝑎
𝐻𝐻2 : operational and maintenance costs of the system in year 𝑎𝑎 for the hydrogen-related 

components, like those of CAPEX𝐻𝐻2. 
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• 𝑅𝑅𝐶𝐶𝑠𝑠,𝑎𝑎
𝐻𝐻2 : regeneration costs due to periodic reinvestment/regeneration needs to maintain the 

operation of the hydrogen-related elements of the system (including related transport and 
installation costs), applied at the end year 𝑎𝑎 of a strategic period 𝑠𝑠. 

• 𝑁𝑁𝑜𝑜𝑠𝑠𝑒𝑒𝑒𝑒: electricity price (revenue for the wind farm or alternatively agreement price between 
electrolyser owner and electricity supplier) per operation period 

• 𝑓𝑓𝑜𝑜𝑠𝑠,𝐻𝐻2
𝑒𝑒𝑒𝑒 : electricity flow to the electrolyser per operation period 𝑜𝑜𝑜𝑜. 

• 𝑓𝑓𝑜𝑜𝑠𝑠
𝐻𝐻2,𝑚𝑚: hydrogen flow sold per operation period 𝑜𝑜𝑜𝑜. 

• ∆t: Operation period duration (in hours). 

To calculate how much of the electrolyser's capacity is actually used, its capacity factor or electrolyser's 
utilisation is calculated as the consumed electricity of the electrolyser divided by its maximum 
electricity consumption if it would run 8760 hours per year: 

Electrolyser Utilisation (%)  = 100 · �
∑ flow𝑠𝑠,𝑜𝑜

𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖 · 𝑂𝑂𝑁𝑁𝑠𝑠,𝑜𝑜
𝑑𝑑𝑑𝑑𝑑𝑑𝑜𝑜𝑠𝑠

𝑜𝑜=1

𝐶𝐶𝑒𝑒𝑒𝑒,𝑠𝑠 · ∑ 𝑂𝑂𝑁𝑁𝑠𝑠,𝑜𝑜
𝑑𝑑𝑑𝑑𝑑𝑑𝑜𝑜𝑠𝑠

𝑜𝑜=1

𝑠𝑠𝑠𝑠

𝑠𝑠=1

               (4) 

 Where, 

• flow𝑠𝑠,𝑜𝑜
𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖:  power flow into the electrolyser for the strategic period 𝑠𝑠 and operation period 𝑜𝑜𝑜𝑜. 

• 𝑂𝑂𝑁𝑁𝑠𝑠,𝑜𝑜
𝑑𝑑𝑑𝑑𝑑𝑑: duration of the operational period in hours, per strategic period 𝑠𝑠 and operational 

period 𝑜𝑜𝑜𝑜. 
• 𝐶𝐶𝑒𝑒𝑒𝑒,𝑠𝑠: electrolyser's installed capacity at the strategic period s. 

Nevertheless, it is important to note that the obtained electrolyser’ performance, after all, is a 
simulation result from a model with simplified operation of the energy system. Therefore, the results 
of this KPI and the electrolyser operation in general is not to be taken as an operation 
recommendation. For real operation, there are other additional aspects and conditions that need to 
be considered (for example non-linearity of the efficiency, on-off-standby conditions etc.) and can 
provide different operation results. 

The importance of hydrogen and balancing income can be relevant to study business cases in different 
locations, different input values and future trends. Thus, these percentages are defined as follows: 

Hydrogen income (%)  = 100 ·
 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒
𝑏𝑏𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏

𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒
𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑡𝑡𝑑𝑑𝑖𝑖𝑏𝑏𝑖𝑖𝑡𝑡𝑦𝑦 + 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒

ℎ𝑦𝑦𝑑𝑑𝑑𝑑𝑜𝑜𝑏𝑏𝑒𝑒𝑖𝑖 + 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒
𝑏𝑏𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏 (5) 

Balancing income (%)  = 100 ·
 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒
𝑏𝑏𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏

𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒
𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑡𝑡𝑑𝑑𝑖𝑖𝑏𝑏𝑖𝑖𝑡𝑡𝑦𝑦 + 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒

ℎ𝑦𝑦𝑑𝑑𝑑𝑑𝑜𝑜𝑏𝑏𝑒𝑒𝑖𝑖 + 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒
𝑏𝑏𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏 (6) 

Where, 

• 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒
𝑏𝑏𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏: is the total, discounted balancing income obtained during the whole investment 

horizon. 
• 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒

ℎ𝑦𝑦𝑑𝑑𝑑𝑑𝑜𝑜𝑏𝑏𝑒𝑒𝑖𝑖: is the total, discounted hydrogen income obtained during the whole investment 
horizon. 

• 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑒𝑒
𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑡𝑡𝑑𝑑𝑖𝑖𝑏𝑏𝑖𝑖𝑡𝑡𝑦𝑦: is the total, discounted electricity income obtained during the whole investment 

horizon. 
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3 Relevant markets in Europe 
In the several analyses of future energy scenarios in Europe several possible outcomes are considered, 
although common trends can be achieved. However, due to the objective of drastically reduction of 
GHG emissions it is expected a considerable increase in renewable energy, mainly wind and PV 
electricity generation [15]. Future electricity prices are expected to increase in some studies, caused 
mostly by phasing out coal and increase in gas and CO2 prices. Also due to a larger share of fluctuating 
electricity production from wind and PV, the variability of electricity prices is expected to increase as 
well. These two factors can make wind parks more profitable due to increased average electricity 
income (which could hinder hydrogen production to increase profitability) and at the same time, the 
increase variability of electricity price could allow more hours of cheap electricity availability for green 
hydrogen production. However, there are other expectations of lower future electricity prices and the 
uncertainty is considerable, also considering different tariffs (power tariffs can become more relevant 
in the case of large production peaks).  

Despite the large increase of variable renewable energy, it is assumed that the importance of balancing 
markets, and specifically frequency regulation, will not be much more relevant than it is today, thus 
revenue will represent a similar percentage.  

The three locations considered in this deliverable are the wind farms of Raggovidda (Norway, trading 
zone NO4), Moncayuelo (Spain) and Brunsbüttel (Germany). 

 

Figure 5 Location of the studied wind farm locations 
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3.1 Norway 
In recent reports by the Norwegian Water Resources and Energy Directorate [16] [17], the long-term 
power market analysis is studied. They expect an increase in average electricity price in Norway 
towards 2040, with a slightly lower price in 2030 compared with 2022. One of the causes is a 
strengthening of the CO2 quote market and increase of CO2 prices in the EU, although the correlation 
between electricity price and CO2 quote market will decrease towards 2040 as fossil fuel use will 
decrease. Due to a planned extended connection to the continent, and the increased renewable 
installed capacity, electricity prices are expected to have a larger variation in electricity price as well, 
where there will be more periods with very low electricity price and some others with very high 
electricity price (several hours with zero €/kWh and few hours with large peaks above 0.15 €/kWh for 
example in southern Norway in 2040). In northern Norway (trading zone NO4), however, the prices 
are not expected to increase as much in some scenarios (especially in those where consumption is 
expected to increase). Also, an increase in wind installation can also reduce electricity prices. Thus, 
these conditions can contribute to make hydrogen production attractive, especially when electricity 
price is low. The chosen future prices represent three possible outcomes, depending on high, low and 
medium expectations, based on the reports [17], [16], [18] for the three countries, explained in more 
detail below. 

aFRR in Norway has increased its volume in the recent years and it is planned for more hours than 
previously. The capacity is reserved in groups of four (corresponding with the so-called bidding weekly 
periods), but the reserved capacity can be different for each of the hours. However, the reserved 
capacity for a specific hour must be the same for all the days of the different bidding weekly periods: 
Monday, Tuesday-Thursday (or midweek), Friday and Weekend. The main characteristics of the 
Norwegian balancing markets can be found in Table 2. 

Table 2 Current primary and secondary balancing services in Norway 

Balancing markets in Norway 

Characteristics Secondary (automatic activation) 

Product aFRR 

Participation Optional 

Procurement 
Weekly: 
Mon, Tue-Thu, Fri, Weekend 
Hourly basis (groups of 3-4 consecutive hours) 

Bidding unit 
Quantity: MW 
Price: NOK/MW/h or EUR/MW/h 

Symmetry Up/Down not symmetric 

Payment Capacity and energy 

Limit Volume: min 5 MW, max 35 MW 

Available data (capacity) Marginal price and volume [9] 

Available data (activation) No available data (estimated from general balancing [10]) 
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To obtain profiles for the model, historical aFRR price data is used. In Table 3, the maximum, minimum 
and mean values of aFRR prices, both for capacity and energy, are displayed for the years 2018 and 
2019, from [9].  

Table 3 Statistic values of the aFRR values in NO4 for 2018 and 2019 

aFRR prices in NO4 (2018-2019) 

Year Parameter Max (NOK/MW) Min (NOK/MW) Mean (NOK/MW) 

2018 Positive capacity price 179 1 55.37 

 Negative capacity price  214 1 57.17 

2019 Positive capacity price 492 1 53.05 

 Negative capacity price  594 1 48.92 

Year Parameter Max (NOK/MWh) Min (NOK/MWh) Mean (NOK/MWh) 

2018 Positive energy price  3350 33.73 434.58 

 Negative energy price 1,153.96 -97.16 390.83 

2019 Positive energy price  944.95 13.5 389.46 

 Negative energy price 659.93 -186.54 349.60 
 

Additionally, apart from the maximum, minimum and mean values, the capacity and energy price 
distribution for 2018 and 2019 is shown in Figure 6 and Figure 7 respectively. 

 

Figure 6 aFRR capacity price distribution in NO4 in 2018 and 2019 
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Figure 7 aFRR energy price distribution in NO4 in 2018 and 2019 

It can be observed that the number of hours increase in 2019 (this is seen in the capacity values) and 
the distribution is not very different in both years. For the analyses, the values of 2019 are chosen. 

3.2 Spain 
In the case of Spain, aFRR is reserved for each hour individually. The main characteristics of the Spanish 
aFRR market can be observed in Table 4. 

Table 4 Current balancing services in Spain 

Balancing markets in Spain 

Characteristics Secondary  

Product aFRR 

Participation Optional, requirements are published before auction 

Procurement Daily 

Bidding unit 
Quantity: MW 

Price: EUR/MW 

Symmetry Up/Down not symmetric 

Payment 

Reserved capacity (power in MW) 

Variation of reserve available in real time  

Actual delivery (energy in MWh) 

Limits Min 10 MW 

Available data Price, volume and activation data [11] 
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Regarding historical aFRR price data in Spain, the main values, both for capacity and energy, of the 
years 2017 to 2019 are shown in Table 5. 

Table 5 aFRR statistical data for the period 2017-2019 

aFRR prices in Spain (2017-2019) 

Year Parameter Max (€/MW) Min (€/MW) Mean (€/MW) 

2017 marginal capacity price 84.87 2.23 14.26 

2018 marginal capacity price 100 3.5 12.56 

2019 marginal capacity price 180 1.25 8.31 

Year Parameter Max (€/MW) Min (€/MW) Mean (€/MW) 

2017 Positive energy price  177.77 0 49.65 

 Negative energy price 9,999 0 41.82 

2018 Positive energy price  180.3 0 53.02 

 Negative energy price 180.3 0 49.28 

2019 Positive energy price  11,498.85 0 49.80 

 Negative energy price 331 0 40.28 
 

The distribution of both capacity and energy prices can be shown in Figure 8 and Figure 9. It can be 
seen that capacity prices have decreased for 2019 compared to the previous two years. Considering 
energy prices, slightly higher prices can be seen for 2018, and lower for the other two years. The values 
of 2019 are chosen for the analyses, following Norway. 

 

Figure 8 aFRR capacity price distribution in Spain in 2017 to 2019 
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Figure 9 aFRR energy price distribution in Spain in 2017 to 2019 
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Similar to the Norwegian case, historical aFRR price data, both for capacity and energy, for 2018 and 
2019 are presented below. Due to the most recent changes in the market, with considerable instability 
in prices, 2019 is chosen as a reference for the current situation. The main values are shown in Table 
7. 

Table 7 Statistic values of the aFRR values in Germany for 2018 and 2019 

aFRR prices in Germany (July 2018-2019) 

Year Parameter Max (€/MW) Min (€/MW) Mean (€/MW) 

2018 Positive capacity price 319 0.1 13.05 

 Negative capacity price  93.81 0.1 10.75 

2019 Positive capacity price 287.32 0.1 13.89 

 Negative capacity price  164.29 0.1 15.03 

Year Parameter Max (€/MWh) Min (€/MWh) Mean (€/MWh) 

2018 Positive energy price  6,316.71 38.67 830.54 

 Negative energy price 5,218.72 -37.76 139.39 

2019 Positive energy price  32,466.78 48.14 669.77 

 Negative energy price 6,652.21 -33.26 455.71 
The distribution of aFRR prices is shown in Figure 10 and Figure 11. While capacity prices are more 
stable, a large distribution of energy prices can be seen, with some extreme values between 200 and 
2,000 €/MWh. Even negative prices are present. 

 

Figure 10 aFRR capacity price distribution in Germany in 2018 and 2019 
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Figure 11 aFRR energy price distribution in Germany in 2018 and 2019 
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4 Business case definition 
The business case presented here is based on different wind farm sizes and locations, with different 
grid connection situation and possibilities and located in different European countries, in the most 
relevant markets for wind-hydrogen production: Spain, Norway and Germany. The business case of 
hydrogen production within a wind farm is studied in these locations, taking into consideration future 
electricity prices, where green hydrogen production with electrolysis is more established and 
secondary regulation becomes more and more harmonised in Europe.  

Based on previous work during the project, notably deliverable D5.3 [4], the most cost-effective option 
for wind and hydrogen farms is expected to be a combination for optimal H2 production, congestion 
management and frequency regulation. Thus, the HyOpt model will provide the optimal investment 
and operation of the wind farm, combining all strategies above to achieve lowest overall costs for the 
wind farm operator, together with providing an economical evaluation. Another important output 
from D5.3 includes the need of hydrogen profiles to better represent hydrogen production, storage 
and sale.  

4.1 General economic data  
The economic data assumed to define the business model is presented in this section. This includes 
CAPEX, OPEX, regeneration costs for the different components involved: wind turbines, electrolyser 
and its components, storage, infrastructure. The characteristics of the three wind farms are 
summarised in Table 8 and explained in sections 4.1.1, 4.1.2 and 4.1.3 

Table 8 Wind farm data 

Wind Farms 

Parameter Raggovidda Moncayuelo Brunsbüttel 

Type of wind farm onshore onshore onshore 

Nominal power 96.6 MW 48 MW 15 MW 

Number of wind 
turbines 32 32 5 

Turbine nominal 
power 3 MW 1.5 MW 3 MW 

Connection point 
max. export power 96.6 MW no restrictions no restrictions 

CAPEX 900 €/kW 900 €/kW 900 €/kW 

OPEX  40 €/kW per year 40 €/kW per year 40 €/kW per year 

Discount rate 4 % 4 % 4 % 
 

Provided by Hydrogenics, Table 9 shows the assumptions considered for the electrolyser's CAPEX and 
hydrogen production for different capacities (from 1 to 20 MW). The different CAPEX values will 
provide a more detailed base to study hydrogen costs for the different locations and sensitivities. 
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Table 9 Electrolyser CAPEX values for different capacities 

CAPEX PEM electrolyser (current) 

Capacity CAPEX (Mio €) CAPEX (€/kW) 

1 MW (200 NMH/400 kgd) 2.1  2,100 

1.5 MW (300 NMH/600 kgd) 2.6 1,733.33 

2 MW (400 NMH/800 kgd) 3.0 1,500 

2.5 MW (500 NMH/ 1,000 kgd) 3.5 1,400 

3 MW (600 NMH / 1,200 kgd) 3.9 1,300 

4 MW (800 NMH / 1,600 kgd 4.6 1,150 

5 MW (1,000 NMH / 2,000 kgd) 5.5 1,100 

10 MW (2,000 NMH / 4,000 kgd) 10 1,000 

20 MW (4,000 NMH / 8,000 kgd) 19 950 
 

Other data for the hydrogen system is provided in Table 10, where the values were provided by 
Hydrogenics and from deliverable D5.3 [4]. For the case of the compressor and tank it is assumed a 
linear scalability of CAPEX. Finally, the costs of transportation and refuelling station are considered as 
extra 10 NOK/kg (approximately 1 €/kg) each, as estimated for the Raggovidda case in [20]. Due to the 
uncertainty and volatility of currencies (and relative differences between before and after the start of 
the pandemic), all prices in Euros are considered, and the change from Norwegian Krone (NOK) to be 
1 € = 10 NOK. 

The production function of the electrolyser (linear in the model) is calculated from Table 9. The 
correspondence of hydrogen production is constant independently from the installed capacity: 16.67 
kg/MWh. To represent the degradation in the model, an efficiency reduction of 2 %, an average value 
is estimated, based on a stack change every 10 years, thus 15.24 kg/MWh. The estimated compressor 
electricity consumption is given as a kWh/kg H2 produced in the model, estimated as 4.8 kWh/kg (200 
kW nominal power).  

Another important economic parameter is electricity price, which determine the possible wind 
revenues. For this purpose, electricity day-ahead prices will be used as base (based on historical data) 
for the first strategic period (10 years). In order to estimate future electricity revenue for wind parks, 
data from literature will be obtained to estimate possible future revenue (average values), scaling the 
historical profiles and it is described in Section 4.1.4 below. 

Balancing data regarding revenues and technical limitations will be obtained from historical public 
data. To estimate future revenues, this data can be modified to fit better future changes in the 
balancing markets, also explained in Section 4.1.4 below.  
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Table 10 Rest of the hydrogen system costs 

Other hydrogen system costs (current) 

Parameter Value unit 

OPEX electrolyser 3 % CAPEX/year 

Degradation electrolyser (efficiency loss 8000 h) 2 % 

Overhaul costs electrolyser 40 % CAPEX 

Overhaul frequency electrolyser 10 years (~80000h) 

Consumption stand-by electrolyser 1 kW 

High pressure H2 tank CAPEX (1352 M€) 830 €/kg 

Estimated HP H2 tank OPEX 3 % CAPEX/year 

High pressure Compressor CAPEX (200 MW) 350,000 € 

HP variable CAPEX (per kg/h compressed) 8,400 €/kg 

HP Compressor OPEX 4 % CAPEX/year 

HP Compressor life 15 years 

HP Compressor estimated overhaul  10 years 

HP Compressor estimated replacement costs 100 % CAPEX 

HP Compressor electricity consumption 4.8 kWh/kg 

Refuelling stations costs (per sold kg of Hydrogen) 1 €/kg 

Hydrogen transport costs (per sold kg of Hydrogen) 1 €/kg 
 

4.1.1 Onshore Northern Norway: Raggovidda 
The Raggovidda power plant is located in northern Norway (trading zone NO4), on the Raggovidda 
peninsula. Nowadays there are 45 MW of installed capacity (15 turbines each 3 MW, model Siemens 
SWT 3.0 101). The given concession is for a maximum capacity of 96.6 MW (up to 200 MW in 2030), 
since the current grid connection only allows a maximum of 96.6 MW to be supplied to the grid. Thus, 
the possibilities to produce hydrogen are very promising and it can be a business model for this type 
of onshore wind farm located in a remote area with large wind production will be designed. Wind 
profiles were provided by Varanger kraft (for the 45 MW installed capacity). 

Remuneration scheme has different components, the fixed component, green certificates, the energy 
component and the guarantee of origin. These values follow the data from deliverables 5.3 [4] and 5.1 
[21], following Varanger kraft's suggestion to continue using the same values. Green certificates would 
only apply to the first strategic period, and in Section 5 it is analysed the effect of a green certificate of 
0 €/MWh for the first strategic period of 10 years. 

Table 11 Assumed income scheme values for the wind farm in Raggovidda 

Green certificates and tariffs (current) 

Parameter Value 

Green certificates (to disappear in 2021) 13.1 €/MWh 
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Green certificates and tariffs (current) 

Parameter Value 

Tariff, energy component -4 % spot market price 

Tariff, fixed component -1.34 €/MWh 

Green energy guarantee  1 €/MWh 
 

Real production of the Raggovidda wind farm was obtained for the years 2015 to 2017 from Varanger 
kraft. The maximum, minimum and mean values are shown in Table 12. 

Table 12 Production values of the Raggovidda wind farm 

Wind generation in Raggovidda 2015-2017  

Year Max (MW) Min (MW) Mean (MW) Generation (MWh) Capacity factor 

2015 45.35 0 22.47 196,853.18 0.499 

2016 45.18 0 20.91 183,174.21 0.465 

2017 45.03 0 21.78 190,810.35 0.484 
 

The capacity factor of the wind profiles will be scaled up proportionally to the wind park future 
extended installed capacity. 

The production distribution can be seen in Figure 12. It can be observed that the production is relatively 
stable in the three years. The profile of the most recent year, 2017 is chosen for the analyses. 

 

Figure 12 Production distribution of the Raggovidda wind farm 
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An important parameter is the spot price in the studied region, NO4 [10]. Historical day-ahead markets 
data are used for this purpose, and its values are shown in Table 13. 

Table 13 Electricity price statistical values for the period 2016-2019 in NO4 

Spot market in NO4 (2016-2019) 

Year Max (€/MWh) Min (€/MWh) Mean (€/MWh) 

2016 2,076.3 104.85 232.59 

2017 1,116.47 27.91 240.35 

2018 2,454.31 22.32 419.80 

2019 820.64 13.53 377.29 
 

The electricity price distribution in the trade region NO4 can be seen in Figure 13. It is observed that 
spot prices increase in 2018 and 2019 compared to 2016 and 2017, being 2018 the year with largest 
spot price. The most recent values are used, thus from 2019. 

 

Figure 13 Electricity price distribution for the period 2016-2019 in NO4 
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Table 14 Input data used in Renewables ninja for the Moncayuelo wind farm 

Moncayuelo wind farm Renewables Ninja input 

Wind farm name Latitude Longitude  Turbine model Capacity  Hub height 

Moncayuelo 42.441861 -1.750278 Acciona AW77 500 48 MW 70 m 
 

The main parameters of the Renewables Ninja wind production can be seen in Table 15. However, it 
can be seen from D5.3 that the real production of the Moncayuelo wind park in 2017 was 145,384 
MWh, considerably larger than the calculated wind profile from Renewables ninja. Due to 
confidentiality reasons, access to the real wind profile from Moncayuelo was not provided. Thus, the 
profile of 2017 is upscaled, limiting the maximum production to 48 MW and applying a correction 
factor of 1.1976 to obtain a similar yearly electricity generation. This last profile is the one used in the 
analyses. 

Table 15 Statistical values of wind production in Moncayuelo for the period 2015-2018 

Wind generation in Moncayuelo 2015-2018 

Year Max (MW) Min (MW) Mean (MW) Generation (MWh) Capacity factor 

2015 47.52 0 13.88 121,629 0.289 

2016 47.30 0 13.60 119,120 0.283 

2017 47.53 0.01 14.14 123,832 0.294 

2018 46.80 0 13.41 117,495 0.279 

2017 scaled 47.34 0.0124 16.60 143,384 0.346 
 

Figure 14 shows the estimated production in Moncayuelo, based on Renewables Ninja profile and 
scaling applied based on the real wind farm data. 

 

Figure 14 Wind production distribution in the wind farm of Moncayuelo 
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Remuneration is assumed to simply be the spot price in this case, from [11]. The main values 
(maximum, minimum, mean) can be seen in Table 16. 

Table 16 Electricity price statistical values in Spain for the period 2016-2019 

Spot market Spain (2016-2019) 

Year Max (€/MWh) Min (€/MWh) Mean (€/MWh) 

2016 75.5 2.3 39.67 

2017 101.99 2.3 52.24 

2018 84.13 2.06 57.29 

2019 74.74 0.03 47.68 
Electricity price's distribution in Spain is shown in Figure 15. Again, it is observed that 2018 was the 
year with higher electricity costs. The most recent values are used in the analyses as in the other 
locations, data from 2019. 

 

Figure 15 Electricity price distribution in Spain for the period 2016-2019 
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Table 17 Input data used in Renewables ninja to use a wind production time series in the Brunsbüttel wind farm 

Brunsbüttel wind farm Renewables Ninja input 

Wind farm 
name 

Latitude Longitude  Turbine model Capacity 
(MW)  

Hub height 
(m) 

Brunsbüttel 53.970742 9.173504 Enercon E101 3000 15 100 
 

If the production is observed for different years, it can be seen that the variation is not very significant 
for the period 2015-2018, shown in Table 18. 

Table 18 Statistical values of wind production in the Brunsbüttel wind farm for the period 2015-2018 

Wind generation in Brunsbüttel 2015-2018  

Year Max (MW) Min (MW) Mean (MW) Generation (MWh) Capacity factor 

2015 14.862 0.062 5.177 45,349 0.345 

2016 14.725 0.059 4.477 39,215 0.298 

2017 14.866 0.057 4.937 43,246 0.329 

2018 14.447 0.073 4.669 40,900 0.311 
 

Also, hourly distribution is relatively constant, as shown in Figure 16. Values of 2018 are selected for 
the analyses. 

 

Figure 16 Wind production distribution in the wind farm of Brunsbüttel 
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Table 19 Electricity price statistical values in Germany for the period 2016-2019 

Spot market Germany (2016-2019) 

Year Max (€/MWh) Min (€/MWh) Mean (€/MWh) 

2016 104.96 -130.09 28.98 

2017 163.52 -83.06 34.19 

2018 128.26 -76.01 44.47 

2019 121.46 -90.01 37.67 
 

The spot price distribution in Germany is shown in Figure 17. The amount of low electricity price and 
even negative is not extreme, but it could contribute to lower electricity prices. Since no data was 
provided about the different tariffs and levies for wind farms and electrolysis operation were provided, 
the wind farm revenue is assumed to be the spot price. The most recent values are used like in the 
other locations, data from 2019. 

 

Figure 17 Electricity price distribution in Germany for the period 2016-2019 
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above). For the case of Germany, average values from [17], from low, expected and high estimations 
(0.033, 0.047 and 0.056 €/KWh respectively). For NO4, the average in their basis scenario is 0.034 
€/kWh and assume variation as the same as in the rest of the country, thus (low 0.022 €/kWh and high 
0.041 €/kWh). For the case of Spain, public information is more limited about the future of electricity 
price in the previously mentioned studies (more focused on countries closer to Norway). However, in 
[16], it is shown that the average electricity price in Spain for 2022 and 2040 are 0.003 €/kWh and 
0.001 €/kWh respectively above the average price in Germany. Thus, as a rough estimation to have 
coherent values for all countries the same averages as in Germany but 0.002 €/kWh above are 
assumed, thus 0.035, 0.049 and 0.058 €/kWh respectively. 

For the deviation increase, an approximation is performed based on the results from [18] for Germany 
and apply the following changes in the curve: 1 for the low, 1.5 for the medium and 2 for the high 
increase. A comparison of the profiles is displayed in Figure 18 and Figure 19. 

 

Figure 18 Duration curve for 2030 for Germany, modified from [18] 

 

Figure 19 Duration curve estimated for Germany with the available data and used in the analysis 
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Finally, the estimated parameters to modify the spot price profiles are displayed in Table 20. The terms 
low, medium (basis in the mentioned reports from Statnett and NVE) and high are used in the rest of 
the deliverable. 

Table 20 Estimations for electricity price in 2030 in NO4, Germany and Spain 

Changes in electricity price 2030 

Parameter NO4 Spain Germany 

Average (Low) in €/kWh 0.022 0.035 0.033 

Average (Medium) in €/kWh 0.034 0.049 0.047 

Average (High) in €/kWh 0.041 0.058 0.056 

Deviation increase (Low) 1x 1x 1x 

Deviation increase (Medium) 1.5x 1.5x 1.5x 

Deviation increase (High) 2x 2x 2x 
 

For the values of aFRR the following assumptions for the future time series compared to 2019 values 
are summarised as follows: 

• Capacity prices remain the same as in 2019 values. 
• For the case of Norway, capacity is reserved in all hours independently from each other. The 

capacity prices for the time periods that before did not have a price is taken for the closest 
hour with a price in the 2019 time series. 

• For the case of Germany, the blocks of four hours are divided into one-hour bids with a 
proportional capacity price for every hour (i.e., the hourly capacity price for the 4-hour period 
is divided by four). 

• For the case of Norway and Spain, the energy price scales the same as the electricity prices, 
shown in Table 20. Due to the high instability in the aFRR energy price profile in Germany (large 
increase at the end of the period), the profile will be assumed the same for 2030 values.   

4.2 Analysed scenarios/sensitivities 
In this section the definition of the cases for each location will be defined. Thus, different parameter 
varies to provide a better overview of the profitability of the business cases. Table 21 shows the values 
that differ in the different strategic periods considered in the analyses. 

Table 21 Changes from the scenarios in current time (period 1) and near future (period 2) 

Input variation depending on time 

Parameter Period 1 Period 2 

Electricity prices 2019 values 2030 estimations (low, 
medium or high) 

aFRR values 2019 values 2030 estimations (low, 
medium or high if applicable) 
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In addition, the considered variation in the parameters is described in Table 22. This variation will 
compose the sensitivities studied in the next section. For the location of Brunsbüttel, the 20 MW 
electrolyser is not considered due to the limitation in size of the wind farm (15 MW installed capacity).  

Table 22 Other input variation for the analyses 

Other input variation 

Parameter variation 

Electrolyser size (MW) none, 5, 10, 20 

Hydrogen income (€/kg, with 
subtracted transport and refilling 
station, 2 €/kg in total) 

4, 5, 6 

aFRR participation yes/no 
 

In the following section, Section 5, the analysed cases and sensitivities are explained in more detail, 
together with the results. 
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5 Analysis and Results 
In this section, the results of the analyses for each individual location are presented, and the different 
sensitivities are compared. Firstly, the definition of the cases for each location is described briefly, 
what it is common for all lotions and cases and what varies for them. 

Firstly, the base case is defined. This is the wind farm without an electrolyser. Then different cases are 
described based on the electrolyser's installed capacity, thus 2.5 MW for a 2.5 MW electrolyser, 5 MW 
for an installed 5 MW electrolyser etc. Additionally, different future electricity and energy balancing 
prices based on the estimations from Statnett and NVE [18], [16], [17] mentioned in the previous 
section, are defined as L (Lower electricity prices), M (median expected prices) and H (Higher expected 
electricity prices).  

The following order will be followed to present the results. The analyses will start with the results of 
the median future prices and comparison between the base case and the different installed capacity. 
For the location of Raggovidda, the effect of green certificates is investigated. Then, the effect of future 
electricity price and changes with different hydrogen revenues will be examined. The next sensitivity 
that is evaluated is the participation on aFRR and its effect on the business case. Finally, other 
sensitivities and their effects are analysed. 

Regarding the hydrogen selling price, Varanger kraft [25] estimated a range from 4-7 €/kg for 
Raggovidda. Removing transport and filling extra costs, estimated above as 1 €/kg for each extra step 
(not included as part of the system's modelling), the range would be then 2-5 €/kg. 5 €/kg, as shown 
below in Section 5.1, makes the system maintain a NPV value relatively constant around the base case 
(between 99.08 and 103.38 M€, base case 100.64 M€). Thus, this value is chosen as the base case for 
hydrogen selling price in the three locations. Based on that, the effect of varying this selling price by 1 
€/kg above and below is studied for the three locations as well.  

5.1 Raggovidda 
Raggovidda, with currently 45 MW installed capacity, is being expanded to 96.6 MW and that is the 
considered starting capacity. It is also planned another expansion up to 200 MW (also a grid expansion 
with the same power and an approximate cost of NOK 30 million, around 3 M€), and that capacity is 
expected to be in place by the beginning of the second strategic period considered in this report. 
However, due to the 20-year investment horizon in the model perspective it does not seem profitable 
to install this extra wind capacity for only 10 years (second strategic period). Thus, the first results 
presented will consider 96.6 MW wind installed capacity, and an extra section below will cover the 
effect of this wind and grid expansion, adding rest value for the wind turbines to make the grid and 
wind expansion profitable for the model to install that extra capacity. 

The main results are displayed in Table 23, where it is assumed medium future prices and a revenue 
of 5 € per sold kg of hydrogen (considering the upper value of Varanger kraft's estimation, 7 €/kg, 
removing the 2 € for transport and filling). The upper boundary of the estimated range from Varanger 
kraft is chosen because the results show it to be at the profitability's border compared to the base case 
without hydrogen production. On the table it is displayed, apart from the wind and electrolyser 
capacity, the optimum storage capacity and the main KPIs. 
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Table 23 Main results for Raggovidda, with base case and several electrolyser sizes 

Main results for the different cases in Raggovidda 

Parameter Base case M 2.5MW2030M 5MW2030M 10MW2030M 20MW2030M 

Wind capacity 
(MW) 96.6 MW 96.6 MW 96.6 MW 96.6 MW 96.6 MW 

Electrolyser 
capacity (MW) - 2.5 5 10 20 

Storage capacity 
(kg) - 967 1,935 3,868 7,739 

NPV (M€) 100.64 99.08 100.05 101.15 103.38 

LCOE (€/MWh) 24.82 25.80 26.86 29.26 35.65 

LCOH2 (€/kg) - 5.59 5.17 5.04 4.97 

Electrolyser's 
usage (%) - 66.23 66.23 66.23 66.23 

Hydrogen 
income (%) - 6.17375 12.0026 22.7349 41.1182 

Balancing 
income (%) - 0.35813 0.696251 1.31882 2.38521 

Total income 
(discounted M€) 241.10 249.02 256.84 272.48 303.83 

 

It can be observed that the optimal electrolyser operation is relatively fixed independently of the 
installed capacity, with a 66.23 % capacity factor. This can be influenced by the large wind installed 
capacity and a large capacity factor, together with the low percentage of balancing income. If a lower 
capacity factor is forced, for example 60 %, then the NPV results for a 20 MW electrolyser is 102.41 
M€, below the NPV value if capacity factor is decided by the model (66.23 %, giving 103.38 M€). If a 
larger capacity factors forced (70%), NPV is also lower (102.73 M€). That means that the optimum 
electrolyser's use in Raggovidda with medium future prices and 5 €/kg hydrogen selling price is 
relatively constant for the given electrolyser sizes. It changes, however, if hydrogen selling price or 
future electricity prices are changed, as it can be seen for example in Figure 22 in Section 5.1.2 below. 
This situation is less common in the other locations, but it can be seen in Moncayuelo as well (see Table 
26 below), with 5 MW and 10 MW electrolysers having the same electrolyser's utilisation for the same 
future electricity prices and selling hydrogen price and, in some cases, the values are the same for all 
sizes (e.g. high future electricity prices and 4 €/kg hydrogen selling price). 

Thus, for Raggovidda it can be seen in Table 23, that there is a correlation of increasing NPV and 
decreasing LCOH2, where only an installed capacity of 10 and 20 MW electrolyser provides a more 
profitable solution than the base case without any hydrogen production. Therefore, the decreasing 
electrolyser CAPEX with installed capacity is a key actor. The results also show a little contribution of 
the balancing market to the total income sources. However, it helps to increase the total income, and, 
for example, it makes hydrogen production with a 10 MW electrolyser more profitable than the base 
case, despite producing hydrogen above selling cost.  
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5.1.1 Effect of green certificates in Raggovidda 
A considerable source of income of Raggovidda is the green certificates, responsible of extra 13.1 
€/MWh, causing hydrogen production to be less profitable. These green certificates seem to be 
eliminated soon [26], and therefore it is of interest to study the effect on the cases presented on the 
previous section. NPV values for the different electrolyser installed capacities are represented on 
Figure 20.  

 

Figure 20 Effect on green certificate on total costs in Raggovidda 

It can be observed that hydrogen production (up to 20 MW electrolyser) does not cause a large impact 
on the total NPV of the wind farm if green certificates are still active in the first ten years of the total 
investment horizon. If green certificates are not considered, the first observation is a general decrease 
of the NPV values for the wind farm due to a considerable reduction in the extra income provided by 
the green certificates. Nevertheless, it is clearly seen that in the case without green certificates, the 
production of hydrogen, especially with a higher installed capacity, helps increasing the profitability of 
the wind farm. 

5.1.2 Effect of future electricity prices in Raggovidda 
In this section the effect of future prices on the system's profitability will be studied. The different NPV 
values for different price expectations (low, medium, high) are represented in Figure 21 for several 
electrolyser capacities, with an assumed hydrogen revenue of 5 €/kg (as mentioned at the beginning 
of this chapter). 

For high and medium future electricity prices, the effect of hydrogen production is not prominent over 
the total NPV of the wind farm. However, at larger electrolyser capacities (e.g. 20 MW) NPV increases 
compared to base case without electrolyser for low and medium future electricity prices. 
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Figure 21 Changes on NPV in Raggovidda based on future electricity prices 

For the case of 20 MW electrolyser, which provides the best NPV for low and medium future electricity 
prices, the KPIs considering hydrogen usage and production, and balancing income are compared for 
the three expected future electricity prices. Balancing income stays relatively constant and does not 
constitute an important part of the total income of the wind farm. Electrolyser usage decreases slightly 
with increasing future electricity prices as it is expected since higher future electricity prices makes the 
system lean towards selling electricity to the grid, despite the also increasing low price peaks. This can 
be observed in Table 24, where the yearly sold hydrogen for the different electrolyser sizes and future 
electricity prices is presented (in tons/year sold to the grid).  

Table 24 yearly sold hydrogen in Raggovidda 

Yearly sold hydrogen (tons/y) in the second strategic period in Raggovidda 

Future electricity prices Low Medium High 

2.5 MW 226.52 221.05 217.86 

5 MW 453.05 442.09 435.72 

10 MW 906.10 884.18 871.44 

20 MW 1,812.191 1,768.37 1,742.88 
 

For the case of Raggovidda, it is observed that hydrogen sold does not vary drastically with varying 
future prices. However, more hydrogen is sold when electricity prices are low, and this value is reduced 
with increasing future electricity prices. As shown above, in Figure 21, the NPV value is affected greatly 
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by future electricity prices, despite the increased hydrogen production for the low electricity price 
scenario. 

 

Figure 22 Effect on future electricity prices for a 20 MW electrolyser in Raggovidda 

5.1.3 Effect of hydrogen price in Raggovidda 
The effect of hydrogen selling price on NPV and hydrogen production costs is shown in Figure 23. 

 

 

Figure 23 Effect of hydrogen selling price on NPV and LCOH2 in Raggovidda 

With a selling price of 5 €/kg, NPV remains relatively constant with increasing electrolyser capacity. 
With 4 €/kg the total NPV decreases with increased electrolyser capacity and, if the selling price is 6 

0

20

40

60

80

100

120

140

0
10
20
30
40
50
60
70
80

Low Medium High

N
PV

 (M
€)

%

Effect of future prices for Raggovidda with 20MW electrolyser 
and 5 €/kg hydrogen revenue

Electrolyser usage (%) Income hydrogen (%)

Income balancing (%) NPV (M€)

0
20
40
60
80
100
120
140

0
1
2
3
4
5
6
7

0 MW 2.5 MW 5 MW 10 MW 20 MW

N
PV

 (M
€)

LC
O

H2
 (€

/k
g)

Electrolyser's installed capacity (MW)

LCOH2 and NPV in Moncayuelo depending on hydrogen 
income (medium future prices)

LCOH2 (4 €/kg) LCOH2 (5 €/kg) LCOH2 (6 €/kg)

NPV (4 €/kg) NPV (5 €/kg) NPV (6 €/kg)



   

Business case analysis for hydrogen in European wind farms Page 42 of 59 

€/kg, NPV values increase with electrolyser installed capacity. Thus, it is observed that a selling price 
of 5 €/kg or above it is required to increase the profitability of the wind farm compared to the base 
case. Regarding LCOH2, it is seen that for 5 and 6 €/kg is the same (both increase profitability of the 
wind farm compared to base case), whereas LCOH2 is above 5 €/kg (above 6 €/kg for a 2.5 MW 
electrolyser) for all electrolyser installed capacities if the selling price is 4 €/kg. 

5.1.4 Effect of participation on aFRR in Raggovidda 
In the previous results for Raggovidda, it seems that balancing represents a small part of the income 
(below 3 % in all cases). In Figure 24 the effect of aFRR income in the total NPV value is analysed for 
hydrogen selling prices of 5 and 6 €/kg. 

 

Figure 24 Effect of participation in the balancing market for Raggovidda 

It is observed, that despite the low share of income provided by balancing  (from 0.35 % with a 2.5 MW 
electrolyser to 2.16 % for 20 MW for 6 €/kg hydrogen revenue, see Table 23 for the case of 5 €/kg) it 
can be crucial for the larger electrolyser's capacities to be profitable compared to the base case with 
no hydrogen production, as it can be seen for the case where hydrogen selling price is set to 5 €/kg. 

5.1.5 Raggovidda wind farm expansion 
As it has been mentioned above, several capacity increase of the wind farm and grid lines are expected 
in Raggovidda (with 200 MW wind and grid capacity by 2030). The modelling of the Raggovidda case, 
as it has been presented with a 20-year investment perspective and hydrogen production, does not 
considers it profitable to increase so drastically the wind and grid capacity for only ten years extra 
operation. In this section a rest value for the wind capacity (50 % of the CAPEX of the extra wind 
turbines) is included in order to evaluate the effect of wind capacity increase to the wind farm 
profitability.  

To fit the current model structure and simulate a grid expansion it was required to fix the wind farm 
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the second strategic period is 193.2 MW (instead of the planned 200 MW). However, since it is a 
speculated case, and already lies on several other assumption it will still provide an estimation of the 
situation where an expansion of the wind farm is considered for the business model of hydrogen 
production. 

A comparison of the NPV values for the case of Raggovidda with and without grid expansion (medium 
future prices and hydrogen selling price of 5 €/kg) is shown in Figure 25. 

 

Figure 25 NPV comparison in Raggovidda regarding wind farm expansion 

A grid expansion considering a 50 % rest value of the turbines installed in the second strategic period 
results on a better NPV independently of the installed electrolyser. Electrolyser use is the same in both 
cases (constant 66.23 %), but, naturally, there are changes in the income percentage that represent 
both balancing and hydrogen. For example, for the 20 MW case balancing and hydrogen production 
represent 2.38 % and 41.12 % respectively for the case without expansion, and 1.91 % and 32.85 % for 
the case with wind farm and grid expansion. LCOH2 is also the same for the two cases (4.97 €/kg) since 
the electrolyser operation is the same.  
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5.2 Moncayuelo 
In Table 25, the results of the Moncayuelo case are presented for medium future prices and a hydrogen 
income of 5 €/kg and electrolyser capacity ranging from 2.5 MW (same as in Raggovidda) to 20 MW.  

Table 25 Main results for Moncayuelo, with base case and several electrolyser sizes 

Main results for the different cases in Moncayuelo 

Parameter Base case M 2.5MW2030M 5MW2030M 10MW2030M 20MW2030M 

Wind capacity 
(MW) 48 MW 48 MW 48 MW 48 MW 48 MW 

Electrolyser 
capacity (MW) - 2.5 5 10 20 

Storage capacity 
(kg) - 890 1,560 3,220 6,027 

NPV (M€) 27.55 24.94 26.37 26.87 27.56 

LCOE (€/MWh) 34.93 38.99 43.03 56 116.59 

LCOH2 (€/kg) - 6.07 5.85 5.67 5.68 

Electrolyser's 
usage (%) - 64.01 57.68 57.68 53.70 

Hydrogen income 
(%) - 14.38 24.23 43.155 67.12 

Balancing income 
(%) - 1.26 7.67 13.66 22.66 

Total income 
(discounted M€) 97.37 104.54 115.09 132.81 165.43 

 

From the results above, it is observed a trend where the larger hydrogen production, the lower the 
value of LCOH2 and the larger the LCOE. However, there are other considerations that play a key role 
in the cost of hydrogen. That is, electrolyser's CAPEX and used capacity. In Moncayuelo, with the 
considered assumptions, only the case of a 20 MW has a larger NPV compared to base case. However, 
in this case the electrolyser's use decreases due to the limited wind electricity production of the 48 
MW wind farm, especially in periods with low electricity prices, and that the electrolyser's installed 
capacity is doubled compared to the 10 MW case. 

It is also important to mention the role of the balancing income. As it can be seen in Table 25, LCOH2 
is always above the hydrogen income (5 €/kg). However, for the case of the 20 MW electrolyser, the 
optimal operation of the system and the contribution of balancing (22.6 %) makes the whole plant to 
provide a better NPV after 20 years than the base case. 

5.2.1 Effect of future electricity prices in Moncayuelo 
When comparing the future estimations of electricity and balancing profiles (low, medium, high), even 
though it only affects the last 10 years of operation, one can see considerable changes on both NPV 
and the other KPIs in Moncayuelo. Figure 26 compares LCOE and LCOH2 for the three expected 
electricity price trends. It is observed that the lowest hydrogen production costs will be achieved when 
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future electricity prices are low. The lowest LCOH2 is also achieved for the largest electrolyser size, 
namely for 10 and 20 MW (with little difference), with a minimum for 10 MW electrolyser for low and 
medium future prices and slightly lower LCOH2 for a 20 MW electrolyser if future electricity prices are 
expected to be high. LCOE follows a contrary trend, with higher LCOE when LCOH2 is low (i.e., larger 
electrolysers and less electricity sold to the grid), and lower LCOE if future electricity prices are high.  

 

Figure 26 Effect of future prices on LCOE and LCOH2 in Moncayuelo 

In Figure 27, the NPV values of all these variants are displayed. It can be observed that larger hydrogen 
production (assuming more stable hydrogen prices) contributes to reduce uncertainty in Moncayuelo.  

 

Figure 27 Effect of future electricity prices on NPV in Moncayuelo 
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The NPV difference between future electricity price scenarios is reduced for larger electrolysers (with 
the minimum being 20 MW). However, if electricity prices are expected to be high, then hydrogen 
production does not increase the system's profitability for the expected selling price of 5 €/kg, so here 
it can be observed how electricity price is vital for hydrogen production profitability. 

Focusing on the electrolyser with better NPV for medium future electricity prices, 20 MW, Figure 28 
shows variation in the main KPIs for the three future electricity prices (low, medium, high). 

 

Figure 28 Effect of future prices for a 20 MW electrolyser in Moncayuelo 

As mentioned previously, NPV changes considerably, especially for low electricity prices in 
Moncayuelo. Large future electricity prices also cause a drop of electrolyser usage and hydrogen 
income (below 40 and 55 % respectively for high future electricity prices). Balancing income varies less 
with future electricity prices but is higher when future electricity prices are expected to be high (and 
thus less hydrogen is produced). 

If the produced hydrogen is observed, hydrogen production is clearly affected by future electricity 
prices in Moncayuelo, see Table 26. Despite the increased difference between maximum and minimum 
prices in the different scenarios, it is still for the low future electricity price scenario where it is more 
profitable to produce hydrogen.  

Table 26 yearly sold hydrogen in Moncayuelo 

Yearly sold hydrogen (tons/y) in the second strategic period in Moncayuelo 

Future electricity prices Low Medium High 

2.5 MW 215.98 213.65 171.87 

5 MW 431.97 385.01 343.75 
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Yearly sold hydrogen (tons/y) in the second strategic period in Moncayuelo 

Future electricity prices Low Medium High 

10 MW 863.94 770.01 687.49 

20 MW 1,536.89 1,433.88 1,313.80 
Compared to Raggovidda, it can be observed a larger variation between the hydrogen production in 
the three scenarios. This can be caused by the more stable electricity prices and future expectations 
with only slight increase in the average prices. It is also worthy to note that, contrarily to Raggovidda 
and following Brunsbüttel below, hydrogen production in the case of the 2.5 MW for high prices shows 
a larger deviation from the production when electricity prices are medium compared to other 
electrolyser sizes. This can be explained by the larger electricity costs in Spain compared to Norway, 
together with the higher CAPEX value for a 2.5 MW electrolyser and the lower possibilities for 
balancing. For larger electrolysers, the difference in hydrogen production in the three scenarios is less 
prominent. 

5.2.2 Effect of hydrogen price in Moncayuelo 
As it has been shown above, when considering a hydrogen income of 5 €/kg it is not possible to produce 
the hydrogen at that cost, despite being possible to improve the NPV thanks to the balancing income. 
Now the effect of hydrogen price variation is analysed, and the effect of a hydrogen income price of 4 
€/kg and 6 €/kg will be compared with the base case with 5 €/kg. 

 

Figure 29 Comparison of different hydrogen income prices (4, 5, 6 €/kg) and effect on NPV and LCOH2 in Moncayuelo 

Figure 29 shows the effect of the hydrogen selling price on NPV and LCOH2. It can be observed that 
the effect of this selling price makes important differences in NPV with increasing electrolyser installed 
capacity. As mentioned before, with 5 €/kg selling price, it was only an electrolyser installed capacity 
of 20 MW that can provide a larger NPV than the base case. If hydrogen selling price is 6 €/kg, NPV is 
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larger than the base case for all electrolyser capacities and, if it is 4 €/kg, none of the solutions with 
electrolyser provide lower NPV than the base case. Thus, it is essential to know the estimated hydrogen 
selling price to determine the profitability of the wind farm. A consequence of low hydrogen selling 
price is the decreased hydrogen production and thus, LCOH2. The lowest LCOH2 is obtained for 20 MW 
installed electrolyser capacity, with all values being below 6 €/kg for all considered selling prices. Only 
a 20 MW electrolyser is more profitable if selling price is 6 €/kg, but less if it is 4 or 5 €/kg. 

5.2.3 Effect of participation in aFRR market in Moncayuelo 
Considering the previous results for Moncayuelo, it can be observed that the income from balancing 
participation is considerable, ranging from 1.26 to 22.66 % in the cases with medium future prices and 
5 €/kg income from hydrogen. To observe the effect of the balancing in the results of Moncayuelo, the 
NPV results for 5 €/kg and 6 €/kg are compared with and without participation in the balancing market. 
As it can be observed in Figure 30, the participation in the balancing markets (aFRR in this case) is vital 
to make hydrogen production in wind farms attractive in Spain. For both the cases with a hydrogen 
revenue of 5 €/kg and 6 €/kg it is possible to find an electrolyser capacity that provides a better NPV 
than the base case with no electrolyser. Also, the electrolyser's usage drops below 35 % in the case 
where there is no participation in balancing, compared to the values above 50 % in the case with 
participation on the balancing markets, thus also affecting the LCOH2. 

 

Figure 30 Effect on NPV of participation on balancing markets in Moncayuelo 
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5.3 Brunsbüttel 
The results of the wind farm of Brunsbüttel are shown in Table 27 for medium future prices and a 
hydrogen revenue of 5 €/kg, for an electrolyser's installed capacity from 2.5 to 10 MW. 

Table 27 Main results for Brunsbüttel, with base case and several electrolyser sizes 

Main results for the different cases in Brunsbüttel 

Parameter Base case M 2.5MW2030M 5MW2030M 10MW2030M 

Wind capacity (MW) 15 MW 15 MW 15 MW 15 MW 

Electrolyser capacity 
(MW) - 2.5 5 10 

Storage capacity (kg) - 931 1,798 2,679 

NPV (M€) 1.73 6.59 12.06 11.48 

LCOE (€/MWh) 39.26 71.42 151.16 398.66 

LCOH2 (€/kg) - 55.72 52.27 59.02 

Electrolyser's usage (%) - 75.07 63.20 38.97 

Hydrogen income (%) - 45.04 59.63 53.19 

Balancing income (%) - 21.18 28.34 33.57 

Total income 
(discounted M€) 23.55 42.46 55.74 66.46 

 

In Brunsbüttel one can observe that the extremely high average balancing energy prices at the end of 
the period determines a large part of the incomes. This situation seems nevertheless atypical, but the 
balancing market situation in Germany has been changing constantly in recent times. Thus, the analysis 
in this case taking into account the current data set. It can also be observed that due to the small size 
of the plant, the better option is to install a 5 MW electrolyser (in the real site the installed capacity is 
2.4 MW). LCOH2 is also lowest in the case of 5 MW installed capacity. 

5.3.1 Effect of future price in Brunsbüttel 
To evaluate the effects of the different considered scenarios for future electricity price, Figure 31 
shows changes on LCOE and LCOH2. Since the wind farm installed capacity is relatively low compared 
to the other two locations, LCOE values increase drastically when an electrolyser is installed (especially 
with the largest capacities considered in this report), reaching several hundreds of € per MWh for the 
largest electrolyser capacities. 
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Figure 31 Effect of future prices electricity prices on LCOE and LCOH2 in Brunsbüttel 

LCOH2, however, is in most cases below 6 €/kg, which makes it comparable to the other wind farms, 
despite the lower size in wind capacity. This can be explained by the larger importance of balancing 
market in this location and thus the larger electrolyser use. 

Focusing on NPV, Figure 32 compares NPV change with estimated future electricity prices.  

 

Figure 32 Effect of future electricity prices on NPV in Brunsbüttel 
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Low future values make the total NPV below 0 when no hydrogen is produced, whereas high electricity 
prices provide the best NPV if no hydrogen is produced, as it is expected. When hydrogen is produced, 
low and medium future prices give a lower NPV for large electrolysers (5 and 10 MW), compared to 
high future prices. 

Considering the electrolyser size with better NPV results, 5 MW, a closer look to the other main KPIs is 
shown in Figure 33. 

 

Figure 33 Effect of future electricity prices on a 5 MW electrolyser in Brunsbüttel 

It can be observed that the effect of future prices does not affect drastically electrolyser operation 
(there is however a slighter decrease of electrolyser use and hydrogen production and balancing 
income). A slightly less hydrogen production and lower balancing income causes a larger amount of 
electricity to be sold to the grid and, with the higher electricity prices it means a larger NPV value for 
high future electricity prices. 

Table 28 shows the yearly produced hydrogen in Brunsbüttel. Similarly, when compared to the other 
two locations, more hydrogen is produced for the lower electricity price scenario.  

Table 28 yearly sold hydrogen in Brunsbüttel 

Yearly sold hydrogen (tons/y) in Brunsbüttel 
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The biggest effect can also be seen for the low hydrogen production by the small electrolyser (the 
same situation is observed in Moncayuelo). This can be caused by the low capacity of the electrolyser, 
thus lower impact on the total costs and less possibilities for balancing. However, with increasing 
capacity, the difference between the medium and the low and high scenarios is more stable. 

5.3.2 Effect of hydrogen price in Brunsbüttel 
To study the effect of sensitivities on the hydrogen price in Brunsbüttel the LCOH2 and NPV is 
compared in Figure 34. It is observed that the NPV values are greatly affected by changes in the 
hydrogen prices and that the electrolyser's capacity with lower LCOH2 for all hydrogen prices is 5 MW. 
For a 10 MW electrolyser, one obtains a larger NPV only for a revenue value of 6 €/kg. Despite the 
large difference on the NPV, the LCOH2 don't change that drastically, due in all cases to the large 
capacity factor of the electrolyser mentioned above thanks to the large balancing remuneration in 
Germany. 

 

Figure 34 Effect of hydrogen selling price on NPV and LCOH2 

5.3.3 Effect of participation in aFRR market in Brunsbüttel 
As mentioned above, the large aFRR remuneration and balancing energy costs makes hydrogen 
production at Brunsbüttel attractive. Now, in Figure 35, the NPV values are compared for the hydrogen 
selling prices of 5 and 6 €/kg with and without participation on the secondary balancing market. 
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Figure 35 Effect of participation in balancing on NPV in Brunsbüttel 

It can be seen that participation on the balancing market is vital to obtain a positive NPV, whether the 
selling price is 5 or 6 €/kg. Thus, to increase profitability at Brunsbüttel without participation in the 
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explained in Section 2.5 above, and it cannot be assumed as an operation recommendation (one needs 
to consider more detailed conditions and aspects of the electrolyser). 
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Table 29 LCOH2 values in the three locations (5 €/kg hydrogen selling price) 

LCOH2 for H2 selling price of 5 €/kg 

Low future prices Raggovidda Moncayuelo Brunsbüttel 

2.5 MW 5.26 5.79 5.21 

5 MW 4.86 5.37 4.87 

10 MW 4.72 5.22 5.53 

20 MW 4.66 5.24 - 

Medium future prices Raggovidda Moncayuelo Brunsbüttel 

2.5 MW 5.59 6.07 5.57 

5 MW 5.17 5.85 5.23 

10 MW 5.04 5.70 5.90 

20 MW 4.97 5.68 - 

High future prices Raggovidda Moncayuelo Brunsbüttel 

2.5 MW 5.78 6.69 6.71 

5 MW 5.36 6.17 5.44 

10 MW 5.23 6.00 6.16 

20 MW 5.16 5.96 - 
 

Regarding participation in aFRR, results differ from market to market in the considered regions. In all 
locations it contributes to more electrolyser use and hydrogen production. It allows to produce 
hydrogen at a slightly higher production prices and still be more profitable than a base case without 
hydrogen production. However, the importance of aFRR contribution changes with country, where in 
Germany, due to recent changes in the aFRR market, prices have been high and its contribution on the 
total economic result has been very favourable, and even needed, to achieve profitable hydrogen 
production with the assumptions on hydrogen selling prices. In the case of Moncayuelo, where 
balancing prices have been more stable, the participation on the secondary balancing market provides 
a better profitability for hydrogen production within wind farms. Lastly, aFRR in Raggovidda is still small 
compared to primary frequency regulation, and its contribution is still small compared to the other 
two locations. Moreover, the need to reserve the same capacity in several days of the week (for 
example midweek or weekends) makes participation on the secondary market non profitable for the 
first 10 years of the investment horizon. However, it is expected an increase of secondary regulation 
in Norway will increase in the next few years and more flexibility is expected, thus increasing the 
possibilities for extra income. 

5.4.1 Effect of delivery frequency 
In the analyses above it is assumed that hydrogen is delivered once a day. However, this situation 
might not be always possible. Therefore, it is worth comparing different frequencies to get an idea of 
the effect on the total result of the investment and operation if the delivery frequency increases. Thus, 
the case with one delivery per day is compared to the situation where hydrogen is delivered once every 
third day for the three locations.  



   

Business case analysis for hydrogen in European wind farms Page 55 of 59 

In order to compare the effect in all locations simultaneously, the parameters compared is the 
normalised NPV compared to the base case. Thus, the results for all electrolyser sizes are shown in 
Figure 36 (with a different axis for Brunsbüttel to be able to observe the three locations in the same 
figure).  

 

Figure 36 Effect of 1-day and 3-day hydrogen delivery for Raggovidda (Rv), Moncayuelo (Mo) and Brunsbüttel (Bb, 
secondary axis) on normalised NPV compared to base case 

For Raggovidda and Moncayuelo, the NPV worsens considerably if the delivery time is increased to 3. 
Moreover, the gap between NPV values for the two delivery options increases considerably (especially 
Moncayuelo) with increased electrolyser capacity. A similar, but more dramatic, difference can be 
observed in Brunsbüttel, where the increase of delivery time to three days can cause the NPV to go 
below 0 (and thus not be profitable). Thus, it is observed the effect of the delivery time is greater in 
the locations where hydrogen production represents a large part of the value chain compared to 
electricity sent to the grid. 

Other effects on the system can be seen in the other KPIs. In the case of Raggovidda and 20 MW, 
electrolyser usage is 55.83 % if delivery happens every third day and 66.23 % for a daily delivery 
(impacting directly on hydrogen income and LCOH2). In the case of the hydrogen storage size, the 
difference is 16,568 kg (delivery every third day) versus 7,739 kg (delivery every day), with a total 
discounted cost of 19.47 M€ and 9.94 M€ respectively. Balancing income, on the other hand, is very 
slightly larger for the case of delivery every third day (2.42 % versus 2.39 % for daily delivery). Thus, it 
can be concluded that storage and delivery logistics play an important role in the final economic result 
of the system, and a frequent delivery is required to assure profitability for the business case. 
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6 Conclusions and outlook 
In this report three different sizes of wind farm (96.6 MW in Northern Norway, 48 MW in Spain and 15 
MW in Northern Germany) and electrolyser (2.5-20 MW) were considered to study the business model 
of hydrogen production within wind farms with a main focus on participation on the balancing markets 
and outlook to future electricity prices. With the considered input data and assumptions, it is possible 
to increase profitability for wind farm owners by producing hydrogen through electrolysis, although 
conditions vary depending on the specific case and expectations on future prices, as described below. 

Decreasing CAPEX of the electrolyser with size plays an important role to hydrogen's profitability. It is 
observed from the results that bigger wind farms, as in Raggovidda and Moncayuelo, allows for lower 
LCOH2 with larger electrolysers (best results for a 20 MW electrolyser). Therefore, to guarantee the 
scalability of electrolysers, it is important to develop parallelly a hydrogen market that can absorb the 
large-scale produced hydrogen. This case is more clearly seen in Northern Norway, where large 
amounts of potential wind capacity can be installed in the area, but there is little electricity demand. 
Thus, profitability increases with size for the Norwegian wind farm, giving the 20 MW electrolyser 
better economic results in most cases (mostly when future prices are expected to be medium or low). 
Green certificates as an extra income for sold electricity by the wind farm reduces the profitability of 
hydrogen production (as the electricity costs then increase for the electrolyser), but this extra income 
is expected to be reduced or disappear in the near future (in Norway, but also elsewhere in Europe as 
electricity from wind is produced at a lower and lower cost). 

The effect of future electricity prices determines in most cases the profitability of hydrogen production 
within the wind farm in all selected locations. It is observed a better profitability of the analysed 
business case for medium and low future electricity prices. For large future electricity prices, 
electrolysers are underused and NPV values are in many cases less economically profitable than the 
base case without hydrogen production. However, these results consider a constant hydrogen selling 
price for all the future electricity price scenarios. It would be expected that for different electricity 
price scenarios, the price of other energy carriers would be different, but good estimations for these 
relationship between energy carriers is not easy to determine given the considerable uncertainty in 
future prices.  

An important conclusion is that participating in balancing markets can become very relevant for 
electrolyser. It can happen that the case of Brunsbüttel it is overestimated due to the recent instability 
of balancing prices in 2019, but in the case of Raggovidda (with a balancing income below 3% in all 
cases), it can be crucial to have a more profitable solution compared to the wind farm without 
hydrogen production, as demonstrated with a NPV comparison between a case with and without 
participation on the balancing markets, described in Section 5.1.4. In the case of Moncayuelo, 
balancing income also increases profitability, allowing a better economic result with a slightly larger 
LCOH2 than the hydrogen selling income. Additionally, the need for balancing in a future electricity 
market, with a larger production of variable electricity, will increase in the next years. Therefore, the 
electrolyser's participation on the balancing markets is not only important to increase the profitability 
of wind farms, but also to contribute to a robust and flexible electricity market. 

If a grid and wind farm expansion are considered in Raggovidda in the middle of the considered 
horizon, an addition of a rest value to the extra wind turbines are needed to provide a better solution 
than the case with a constant wind installed capacity (although electrolyser operation remains 
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constant). If considered that 50 % of the wind farm expansion is recovered after the investment 
horizon (20 years), the NPV is slightly larger than the case without considering the grid expansion. 
However, to study the effect of the wind farm expansion together with other more detailed changes 
in the hydrogen technologies and effect a more specific study is required and is out of the scope of this 
deliverable.  

As future work, it seems logical to test what is the real potential of balancing operation and income in 
the relevant markets compared to the estimation used by the model, as the presented results indicate 
it to be an important source of potential to increase hydrogen profitability. Also, a broader focus on 
hydrogen supply and logistics is important to understand better the dependence of price on storage 
and logistics for each specific situation. Another future topic that can be studied can be the impact of 
technology cost development, since PEM electrolysis is a growing technology. 
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