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 Simulation of operation of proposed demonstration system 

Preface 

The present report forms the deliverable ‘D 4.5: Simulation report on operation of demonstration 

platform’ under ‘WP 4: Technology preparations, simulation and specification of test 

requirements’ of the CopenHydrogen Phase I project, supported by the Danish funding scheme 

EUDP
1
. The work has been performed by Per Nørgård and Shi You, DTU Elektro / Centre for 

Electrical Power and Energy, Technical University of Denmark. 

The aim of the CopenHydrogen Phase I project was to define, analyse and specify a large-scale 

demonstration hydrogen plant and platform to be realised in Copenhagen (in a following 

Phase II project). 

The CopenHydrogen Phase I project has been coordinated by Copenhagen City and organised 

in the following work packages: 

 WP 1: Project Management and dissemination (CC) 

 WP 2: Framework conditions and market drivers (DTU MAN) 

 WP 3: Development of phase II project (CC) 

 WP 4: Technology preparations, simulation and specification of (DTU EC) 

WP 4 has been coordinated by DTU Energy Conversion. The objectives of WP 4 were to 

provide a technical clarification over the technologies and their characteristics and to clarify 

hydrogen safety issues, and further to simulate and specify test requirements for the 

CopenHydrogen Phase II. The work has further been divided into the following tasks: 

 Task 4.1: Preparation of individual technologies Specifications for and requirements to 

equipment to be demonstrated, including control and communication interfaces. 

 Task 4.2: Technical clarifications, planning and budget estimation for phase II includes 

analysis of operation strategies and costs involved 

 Task 4.3: Hydrogen safety Clarification of safety aspects and approvals required. 

Clarification of amounts of hydrogen possible to introduce into the city gas grid 

 Task 4.4: Specification, planning and preparation for equipment testing Required testing of 

equipment and interfaces prior to installation on demonstration site 

 Task 4.5: Simulation of the platform in operation 

The project partners are: 

 Copenhagen City (coordinator) 

 DTU (including DTU Energy Conversion, DTU Management and DTU Elektro / CEE) 

 Dantherm Power 

 GreenHydrogen 

                                                                                                                                                            

1
 EUDP ID 432508 2013 
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 Haldor Topsøe 

 H2Logic 

 Dansk Gasteknisk Center 

 Partnerskabet for Brint & Brændselsceller 

 HOFOR 
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Summary 

The results from the simulations clearly indicate that the most important factor for making profit 

is the dynamics at the energy markets (here only at the electricity market) – with profits of 0,5 / 

0,8 / 9,7 kDKK/week without the hydrogen market for scenario S1, S2 and S3 respectively. The 

second most important factor is the presents of the hydrogen market and the price on that 

market – with an increase of the profit in scenario S3 from 9,7 to 14,0 kDKK/week by 

introducing the hydrogen market, and with a variation of the profit from 12,1 to 16,4 kDKK/week 

by the variation of the hydrogen market price by ±10%. The third most important factor is the 

electrolyser’s conversion factor from electricity to hydrogen – with a variation of the profit in 

scenario S3 from 11,6 to 17,5 kDKK/week by the variation of the conversion factor by ±15%. 
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1. Introduction 

A power system, like the Danish, in high and increasing degree based on the fluctuating and 

little predictable energy sources wind and solar, needs access to dynamic and controllable 

power flexibility in both time and space to balance the power at any time and at any position. 

The power system’s needs for flexible power regulation is e.g. illustrated and expressed by the 

dynamic market prices – see Fig 1. The necessary controllable flexibility may be provided by a 

number of different means: flexible demands, flexible generation, flexible import / export, flexible 

storage and flexible conversions between electricity and other energy carriers. 

Conversion between electricity and hydrogen (in both directions) in combination with hydrogen 

storage and hydrogen utilisation is an example of the last two options mentioned – energy 

storage and conversion between energy carriers. Conversion from electricity to hydrogen (and 

heat) can be performed by electrolysers. Conversion from hydrogen to electricity and heat can 

be provided by fuel cell units. Hydrogen can be stored in tanks as pressurised hydrogen. And 

hydrogen can be utilised directly e.g. as fuel in the transport sector or indirectly either by feeding 

the hydrogen into the gas network (if present) or by converting the hydrogen e.g. to methane 

(gas) or methanol (liquid). The produced heat (or at least part of) may be feed into the district 

heat network (if present). 

A large-scale hydrogen demonstration plant and platform, designed and intended for installation 

in Copenhagen – including electrolysis, hydrogen storage and fuel cells, operating at the local 

(future) power, heat and hydrogen markets – is defined, analysed and specified in the present 

CopenHydrogen Phase I project (the Project). Unfortunately, the necessary funding for the 

 

Fig 1: Example of the dynamic power market prices – here the Nord Pool Spot prices (on 

hourly basis) for the DK2 price area (east Denmark) in the beginning of 2014. (Data 

source: Energinet.dk) 
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realisation of the hydrogen demonstration plant could not be identified, and the planned 

implementation (the Phase II) will not be realised for now. 

The present report presents specific analyses on the possible operation of the defined 

demonstration plant. The work has been performed as part of WP 4.5 of the Project by DTU 

Electrical Engineering, as partner in the Project. 

This detailed simulation of the operation of the plant supplements very well the long-term socio-

economic simulations, performed under WP 2 of the Project. The operation simulations 

presented below focus on optimising the operation, when the investments have been made. 

The investment costs are therefore not taken into account in the analyses presented below. The 

aim of work has been to identify critical technical component parameters for the economic 

feasibility of the operation of the hydrogen plant on the relevant dynamic energy markets. 

2. System description 

The hydrogen plant assumes to consist of electrolysers, converting electricity and water to 

hydrogen (and oxygen and heat), hydrogen storage for pressurised hydrogen, and fuel cells, 

converting hydrogen (and oxygen) back to electricity and heat (and water). 

The system has been modelled, and the operation has been simulated. 

The plant assumes trading energy at the relevant, local energy markets – the electricity 

market(s), the heat market (district heating) and a (virtual) hydrogen market. 

The analyses have been made under the following further assumptions: 

 No hydrogen losses. 

 The pure water for the electrolysis process is assumed purchased at a (fixed) market price. 

 Some of the produced hydrogen may be sold at an artificial hydrogen market at a given 

(fixed) price. There is only one hydrogen market, independent on the subsequently use of 

the hydrogen. 

 The oxygen produced by the electrolysers is assumed not utilised. This is simulated through 

a zero market value. 

 The heat produced by the electrolysers and the storage processes are expected not 

utilised, but calculated as energy conversion losses. 

 Part of the heat produced by the fuel cells is expected utilised for district heating and sold at 

the heat market. The unutilised heat is calculated as energy conversion losses. 

 Only the power market(s) have dynamic energy prices within the simulation period (one 

week). All other markets have fixed energy prices over the forecast horizon for the operation 

optimisation. 

 Only the power market’s SPOT-prices (hourly fluctuating power prices, known 12-36 hours 

ahead) have been taken into account in the simulations. 

 A forecast horizon of 24 hours has been used for the optimisation of the operation. 

 Operation periods of one week have been used for the analyses. 
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2.1 Hydrogen balance 

In the simulation of the operation the hydrogen production and consumption must balance. 

The electrolysers produce hydrogen, He, to a common hydrogen ‘node’ for the plant. The fuel 

cells and the hydrogen market(s) consume hydrogen, Hf and Hm, from this node, and the 

hydrogen storage can either take-up or give-back the stored hydrogen, Hs, from / to the 

hydrogen node. No hydrogen losses are assumed. In the simulation, all hydrogen flows are 

signed into the common hydrogen node (Fig 2), giving the hydrogen balance: 

              

 

2.2 The hydrogen components 

The plant includes three different types of hydrogen components: electrolysers, fuel cells and 

hydrogen storage. The plant includes two different types of electrolysers and two different types 

of fuel cells. They are all modelled as ‘black-box’ units, with given input-output relations – see 

Fig 3. The hydrogen flow is dynamically and individually controlled for each unit. 

All input and output are expressed as flow of energy, where 

 Pe  is the electrical power 

 Ph  is the energy flow of the hydrogen 

 Pq  is the heat flow 

 Pl  is the flow of the energy conversion losses (the non-utilised energy) 

 Pw  is the energy flow of the water 

 

Fig 3: Input and output for the three types of components. 

 

Fig 2: The hydrogen flow balance. 
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 Po  is the energy flow of the oxygen 

All component models are in the simulation expressed as the generic model, illustrated in Fig 4, 

where all the energy flows from a given unit is signed out of the unit, giving the power balance 

                    

Component models assumptions: 

 Both the electrolyser model and the fuel cell model are generic models. The models for the 

two electrolysers are identical, and the models for the two fuel cells are identical, only 

differentiated by their parameter values. 

 Both the electrolysers and the fuel cells have constant conversion factors over their full 

operation ranges. 

 None of the components ramp-up / ramp-down rates are modelled, as they are not relevant 

for the time steps (15 minutes) used in the simulations. 

 

 

Fig 4: Generic unit model. 

Component Physical 
input 
flows 

Physical 
output 
flows 

Model input 
parameters 

Model output 
parameters 

Model 
relations 

Electrolysers Power 
Water 

Hydrogen 
Oxygen 

Heat 

Power (Pe) Hydrogen 
Water 
Losses 

H=f(P) 
W=f(H) 

PL=PH+PO-
Pe 

Fuel cells Hydrogen 
Oxygen 

Power 
Heat 
Water 

Power (Pf) Hydrogen 
Heat (Q) 
Oxygen 
Losses 

H=f(P) 
Q=f(P) 
O=f(H) 

PL 

Hydrogen 
storage 

  Hydrogen Power (P) 
Losses 

Ps=f(H) 
PL=-P 

Table 1: Component input / output. 
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2.3 Operation 

The hydrogen plant is assumed connected to the power network, the district heating system and 

a hydrogen network. The plant is assumed to operate on the corresponding markets – the 

electricity market, the heat market and an artificial hydrogen market. The simulation of the 

system has been simplified 

1) to include only one power market (the NordPool Spot market with hourly prices), one 

heat market (the Copenhagen district heat system), and one hydrogen market (covering 

the various potential utilisations of the hydrogen); and 

2) to include only one dynamic energy market – the power market. Both the heat prices 

and the hydrogen prices are assumed fixed over the simulation period (one week). 

The hydrogen produced by the electrolysers is assumed stored as pressurised hydrogen. The 

hydrogen can then either be used as fuel for the fuel cells or sold on the hydrogen market. The 

hydrogen price (ab factory) is assumed to be a fixed value. 

The operation will try to optimise the profit – converting electricity to hydrogen, when the 

electricity price is low, and either selling hydrogen or converting hydrogen to power & heat, 

depending on the actual hydrogen, electricity and heat market prices. The electrolysers and the 

fuel cells will never be operated simultaneously. 

3. Simulation 

The impact of the component’s technical operation parameters and the operation conditions on 

the technical ability to make profit out of the operation of a hydrogen plant, including 

electrolysis, hydrogen storage and hydrogen production (by fuel cells), operating dynamically on 

the three energy markets: the electricity market, the heat market and the hydrogen market, has 

been analysed through simplified modelling and operation simulations. Neither the investment 

 

Fig 5: Illustration of the simplified model with the three hydrogen 

units and the three energy markets used for the simulations. 
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costs nor the operational costs have been included in the calculations. Only the costs and 

benefits from buying and selling energy on the three energy market have been included. Buying 

and selling prices are equal, and the hydrogen and the heat prices are assumed constant under 

each simulation. Only the electricity price is dynamic, providing the dynamic operation of the 

plant. The dynamics of the electricity price have been taken from historical NordPool Spot 

prices on hourly basis. 

The purpose of these simulations was solely to identify the impact of the different parameters on 

the potential profit from a dynamic operation on the three energy markets with different – and to 

some extend independent – dynamics. Sensitivity analyses have therefore been made for 

selected parameters. The basis values and their realistic range of variations of the components 

technical operation parameters have been estimated by DTU Energy Conversion, based on 

information from the manufactures. 

The simulations have been made with one alkaline electrolyser, one PEM fuel cell unit and one 

hydrogen storage unit. The heat produced by both the electrolyser and the fuel cell unit is 

assumed sold at the heat market. 

The simulations have been performed in the GAMS simulation software with 15 minutes time 

steps and 24 hours optimisation horizon. All simulations have been made for one full week. 

Historical electricity prices have been taken from three weeks in 2013 with very different 

operation conditions and dynamic properties (the scenarios S1, S2 and S3). The simulations 

have been performed without and with a hydrogen market. And the simulations have been 

performed with the variations of the parameters as indicated in the table. Under these 

conditions, the profit will never be negative. The units will only be activated when positive profits 

are possible. 

 Al El PEM FC H2 store  

Capacity   100 kg 

Flow range   0-10 kg/h 

Operation range 25-500 0-50  kW 

Start time - -   

Cold start energy 10 4  kWh 

Hot start energy 2.5 1  kWh 

Stand-by power 0.25 0.5  kW 

Min on-time - -   

Min off-time - -   

KH2 4.6 1.1  kWh/Nm3 

kO2 9.0 2.2  kWh/Nm3 

Compressor   2.1 kWh/kg 

Table 2: Parameters for the Alkaline Electrolyser, the PEM FuelCell and the Hydrogen 

Storage unit, used in the simulations. (Source: DTU Energy Convertion) 
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The profit sensitivity has been analysed for the following parameters with variations as indicated 

in the table: 

ElH2x The electrolyser’s energy conversion factor from electricity to hydrogen 

Elmin The electrolyser’s minimum operation level 

FCPx The fuel cell’s energy conversion factor from hydrogen to electricity 

H2S The hydrogen storage capacity 

Pq The heat market price 

PH2 The hydrogen market price 

 

 

 

 

Fig 6: Time series plots of the energy prices, the hydrogen production, the hydrogen conversion and the 

hydrogen stored for a simulation (without hydrogen market). 
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3.1 Results 

The results – in terms of profit – are illustrated in the figures below. 

 

 

 

 

 Min Base Max  

ElH2x 60% 70% 80%  

Elmin 5 25 50 kW 

FCPx 28% 31% 34%  

H2S 90 100 110 Kg 

Pq 0,27 0,30 0,33 DKK/kWh 

PH2 13,5 15 16,5 DKK/kg 

Table 3: Ranges of selected parameters used in the sensitivity 

analysis. (Data source: DTU Energy Conversion) 

 

Fig 7: Impact on the profit of the variations of the parameter values and the operation conditions for 

scenario S1, and with (+) a hydrogen market. 
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Fig 9: Impact on the profit of the variations of the parameter values and the operation conditions for 

scenario S2, without and with (+) a hydrogen market. 
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Fig 8: Impact on the profit of the variations of the parameter values and the operation conditions for 

scenario S3, without and with (+) a hydrogen market. 

0

2

4

6

8

10

12

14

16

18

20

0% 50% 100% 150% 200%

P
ro

fi
t 

(k
D

K
K

)

Parameter variation (%)

S3

ELH2x+

Elmin+

FCPx+

H2S+

Pq+

Ph2+

ELH2x

Elmin

FCPx

H2S

Pq



 

16 <Simulation of operation of proposed demonstration system> 

The results from the simulations clearly indicate that the most important factor for making profit 

is the dynamics at the energy markets (here only at the electricity market) – with profits of 0,5 / 

0,8 / 9,7 kDKK/week without the hydrogen market for scenario S1, S2 and S3 respectively. The 

second most important factor is the presents of the hydrogen market and the price on that 

market – with an increase of the profit in scenario S3 from 9,7 to 14,0 kDKK/week by 

introducing the hydrogen market, and with a variation of the profit from 12,1 to 16,4 kDKK/week 

by the variation of the hydrogen market price by ±10%. The third most important factor is the 

electrolyser’s conversion factor from electricity to hydrogen – with a variation of the profit in 

scenario S3 from 11,6 to 17,5 kDKK/week by the variation of the conversion factor by ±15%. 

 


