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Preface 
This report presents results of the research project Power2Hydrogen, which has been conducted with the 
support from the Danish research programme ForskEl, administered by the Danish Transmission System 
Operator (TSO) Energinet.dk and financed by energy consumers through the Public Service Obligation (PSO) 
tariff. 
The main purpose of the Power2Hydrogen project is to analyse the operation of a PEM water electrolysis 
plant situated in Hobro, Denmark. The aim is to demonstrate feasible load shifting and the possibility of 
using the electrolyser unit to balance the electricity system while producing green hydrogen for high value 
markets such as industry and transportation. 
The Power2Hydrogen project is divided into a series of work packages (WP) and this is the reporting of the 
work in WP3 - Developing of energyPRO model. 
 
The partners in the Power2Hydrogen project are: 

 Air Liquide 

 CEMTEC 

 Neas Energy 

 EMD 

 Aalborg University, Department of Development and Planning 

 Aalborg University, Department of Energy Technology 
 
The Power2Hydrogen project runs from 2015 to 2017. 
This report was finalized April 2016 
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1. Executive summary 
 
In Power2Hydrogen work package 3 the energyPRO energy systems analysis tool is further 
developed with facilities to simulate hydrogen production plants participating in both wholesale 
markets and in the balancing markets. 
 
The main purpose of the Power2Hydrogen project is to analyse the operation of a PEM water 
electrolysis plant situated in Hobro, Denmark, and the development of an energyPRO-model for 
hydrogen production plants is closely linked to the business cases and trading strategies 
developed in WP2. energyPRO has been developed with facilities to simulate this plant and these 
trading strategies as shown in chapter 2. 
 
The developed energyPRO-model is made so general, that it can be used to optimize other 
Power2Gas and Power2Fuel plants, including e.g. methanation of biogas. The big challenge for 
energy plants to participate in the integration of fluctuating productions from wind turbines and 
photo voltaic PV is about having necessary energy stores. In the developed energyPRO model it is 
possible to add storage for hydrogen and storage for biogas. It is expected that a significant part of 
the earnings of a hydrogen production plant will be from selling heat to a nearby district heating 
company. Therefore the developed energyPRO model allows modelling a district heating plant, 
taking into account amongst others heat demands and thermal store. This is illustrated in chapter 
3. 
 
The big challenge for energy plants to participate in the integration of fluctuating productions 
from wind turbines and photo voltaic PV is about having necessary energy stores. In the developed 
energyPRO model it is possible to add more types of hydrogen storages. This is illustrated in 
chapter 4. 
 
The energyPRO-model allows simulating how to optimize hydrogen production plants both on the 
short and long term, thus allowing estimating the optimal design of the hydrogen production plant 
at the present regulation conditions and market prices, further on to estimate the optimal design 
of the hydrogen production plant at future regulations and market prices. This is illustrated in 
chapter 5. 
 
The energyPRO-model developed is made so general, that it will be possible for the user to input 
own bidding strategies in both the day ahead spot market and in the balancing markets. This will 
allow to test different operation strategies when evaluating the most effectively operation of the 
electrolyser in the different electricity markets. This is illustrated in chapter 6. 
 
The energyPRO-model has been made flexible allowing the simulation of how to optimize 
hydrogen production plants both on the short and long term, thus allowing estimating the optimal 
design of the hydrogen production plant at the present regulation conditions and market prices, 
further on to estimate the optimal design of the hydrogen production plant at future regulations 
and market prices. This is illustrated in chapter 7. 
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Planning of new productions follows the operation strategy. The Operation strategy is where you 
choose the superior priority of productions. Priority numbers for each time step and production 
unit states the order of productions to be inserted. This is described in chapter 8. 
 
The new energyPRO models has been tested against scenarios modelled in WP2. This test is shown 
in chapter 9. 
 

2. Modelling in energyPRO the PEM water electrolysis plant at Hobro 
 
The main purpose of the Power2Hydrogen project is to analyse the operation of a PEM water 
electrolysis plant situated in Hobro, Denmark. 
The development of an energyPRO-model for hydrogen production plants has been closely linked 
to the business cases and trading strategies developed in WP2, also allowing the simulation of the 
scenarios modelled in WP2 on an hourly basis. 
 

 
Figure 1: Hydrogen model example, incl. Balancing and Intraday markets, where the produced hydrogen is stored both in a 
stationary  hydrogen storage and hydrogen storage situated at a trailer. 
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3. Modelling in energyPRO other Power2Gas and Power2Fuel plants 
 
The developed energyPRO-model is made so general, that it can be used to optimize other 
Power2Gas and Power2Fuel plants, including e.g. methanation of biogas. The big challenge for 
energy plants to participate in the integration of fluctuating productions from wind turbines and 
photo voltaic PV is about having necessary energy stores. In the developed energyPRO model it is 
possible to add storage for hydrogen and storage for biogas. 
 
It is expected that a significant part of the earnings of a hydrogen production plant will be from 
selling heat to a nearby district heating company. Therefore the developed energyPRO model 
allows modelling a district heating plant, taking into account amongst others heat demands and 
thermal store. 
 
 

 
Figure 2: An example of a general energyPRO model including Hobro district heating system 
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4. More types of hydrogen storages included in the energyPRO model 
 
In the developed energyPRO model it is possible to add more types of hydrogen storages.  
 

 
Figure 3: Hydrogen model example, incl. Balancing and Intraday markets, where the produced hydrogen is stored both in a 
stationary  hydrogen storage and hydrogen storage situated at a trailer. 
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5. The energyPRO model for electrolyser participating across more 
electricitymarkets 

 
The energyPRO model for energy systems analysis tool is further developed with facilities to 
simulate hydrogen production plants participating in both wholesale markets and in the balancing 
markets. An example of this is shown in Figure 4, where the electrolyser participate in two whole 
sale markets, both the day ahead market and the intra day market, and participate in the 
regulating power market, being offered both as upward regulation and downward regulation. 
 

 
Figure 4: Simulating in energyPRO the paticipation of the electrolyser across more electricitymarkets. 
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6. Own operation and bidding strategies for the electrolyser may be tested 
 
The energyPRO-model developed is made so general, that it is possible for the user to input own 
bidding strategies in both the day ahead spot market and in the balancing markets. This will allow 
to test different operation strategies when evaluating the most effectively operation of the 
electrolyser in the different electricity markets. 
The gate closures in the whole sale markets and in the balancing markets is included in the model. 
 

 
Figure 5: Operation strategies is defined through formula expressions defining priority of productions in each time step. 
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7. User defined payments allows simulating future regulations and market prices 
 
The energyPRO-model has been made flexible allowing the simulation how to optimize hydrogen 
production plants both on the short and long term, thus allowing estimating the optimal design of 
the hydrogen production plant at the present regulation conditions and market prices, further on 
to estimate the optimal design of the hydrogen production plant at future regulations and market 
prices. 
 

 
Figure 6: User defined payments allows simulating future regulations and market prices 
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8. Planning of new productions follows the operation strategy 
 
The Operation strategy is where you choose the superior priority of productions. Priority numbers 
for each time step and production unit states the order of productions to be inserted. 
 
Reducing number of starts 
Given the above priority information there will be a lot of time periods with the same priority and 
these could simply be started chronologically which would give a ”correct” result with regards to 
energy conversion. However, we have experienced that the chronological approach produces too 
many starts which is not desirable since most production units will have some kind of start cost. 
 
Reducing starts by giving priority to expansion before new starts 
If at a given time during an optimization there is both the possibility to expand an already started 
block and start a new block with the same priority we will always select the expansion before 
starting a new block. This is of course only the case if the expansion can be done under all the 
technical restrictions. 
 
Reducing starts by adding start costs 
In the payment lines for a production unit it is possible to add a start cost for each time the unit is 
started. If such a start cost is defined it will influence the priority of that unit during the 
optimization. The start cost is simply added to the priority of that unit and thereby making it even 
more undesirable to start that unit compared to expanding the unit in already started blocks.  
As an example please consider the scenario during an optimization where we can either expand a 
block at priority 56 or start a new block at priority 45 (without start cost added). Without start 
costs it is cheapest to start the new block. If we then have a start cost of 20, the new priority for 
starting up would be 45+20 and hence we now prefer to expand at priority 56 instead. 
 
Reducing starts by merging already started blocks 
Now that start costs can prevent us from starting new blocks we can also consider the other 
scenario where we want to merge two blocks in order to remove one of the starts. During the 
optimization we will continuously look at whether two blocks can be merged to remove a start. 
The time periods in between the blocks might not have a good enough priority from the operation 
strategy to be started, but given the fact that we will remove a start we now increase their 
priorities according to the removed start cost. 
 
Reducing starts by looking for full hydrogen storage 
In the same way a unit could keep starting for a short while whenever there is enough for it to run 
in the fuel storage. So in this case we will delay the start until the fuel storage is full (again given 
the next calculation step has the same priority). This gives the unit the longest start block without 
being restricted by the fuel input. 
 
Reducing starts by looking for empty heat or cold storage 
Even with the start cost considerations there will still be situations where we see too many starts 
because a production unit keeps starting up every time it “sees” that there is room for it in the 
heat or cold storage. To prevent these starts we will always delay a start until the heat or cold 
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storage is empty as long as the priority is the same in the next calculation step. This ensures that 
when the unit is started it can keep running for as long as possible (it could still be restricted by 
other things). 
 

9. Testing the new energyPRO models against scenarios simuælated in WP2 
 
The development of an energyPRO-model for hydrogen production plants is closely linked to the 
business cases and trading strategies developed in WP2, also allowing the simulation of the 
scenarios modelled in WP2 on an hourly basis. In this chapter an energyPRO model of the 
electrolyzer is compared with the Matlab model developed in WP2. To the extent possible, the 
energyPRO model is based on the same technical characteristics and assumptions as the Matlab 
model.  
 
Model assumptions 
In the section a brief overview is given of the model inputs. 
Demand 

Hydrogen demand 

Sintex demand [kg/a] 37,081.1 

Offsite demand [kg/a] 75,685.3 

Total [kg/a] 112,766.4 

 
Electrolyzer 

 
 
 
 
 

 
Storage tank 

Hydrogen store 

Local storage tank [Nm3] 3,500 

 
Other electricity consumption units 

 Capacity (MW) Flexibility 

System equipment 0.200 Non flexible 

Electrolyser equipment  0.150 Flexible 

Compression 0.040 Flexible 

 
  

Technical characteristics   Unit 

Electricity consumption 1.25 MW 

H2 production 235 Nm3/h 

Water consumption 0.0167 Nm3/kg H2 
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Electricity taxes and tariffs 
In the comparison between the energyPRO model of the electrolyzer and the Matlab model 
developed in WP2, the following taxes and tariffs were used:  

  
Figure 7: In the comparison the total costs of electricity taxes and tariffs are set to 49,57 EUR/MWh electricity 

 
 
Results 
 

 
Figure 8: In this picture, an example is given of how the electrolyzer is operated in energyPRO. 
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When comparing the results of the energyPRO model with the results obtained in the Matlab 
model, it can be seen that there is only a small deviation in the results. 
 

Main results of the two models Total costs [1000 EUR] Unit cost [EUR/kg H2] 

Matlab model  882 7,81 

energyPRO model 893 7,92 
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Figure 9: The results of the energyPRO model in the comparison with the the Matlab model developed in WP2. 


