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Overview
Energy generation with fuel cells is always metioned with high operating and high investment costs in the same way. Due to the fact that fuel cells have to go further by means of cost decreasing materials, increasing reliability in continuous operation and fuel production diversification they are not yet fully integrated in centralized or decentralized energy generation respectively. There are industry sectors that are successful using solid oxide fuel cells and molten carbonate fuel cells in oder to produce heat and electricity, and there are field tests to test proton exchange membrane (PEM) fuel cells in the residential sector. Nowadays PEM fuel cells are developed such that they can contribute in a more extensive way to a decentralized energy system. It is feasible to produce heat and electricity at high efficiency levels and at an advanced level of reliability. 
Once arrived at the point of a more extensive integration of PEM fuel cells one has to account for the costs involved with the fuel cells’ energy production and one has to have economic operating concepts ready. This paper seeks to close this gap. It deals with the most probable kick-off scenario for operating decentralized fuel cell systems, with the situation that a contractor installs fuel cells in households and operates them according to the households demand (minimize the demand-supply residual) and according to the electricity price at the European Energy Exchange (mazimize profits subject to electricity sold and minimize costs subject to residual electricity that has to be bought additionally). Therefore a model has been compiled including the houshoulds energy demand behaviour, the fuel cells energy generating behaviour and the price signals of the European Energy Exchange. The model has been used in order to suggest operating concepts depending on different aims (lowering costs/maximize profits, lowering balance energy needs, grid stability and so forth) and to show which level of investment costs for fuel cells can be faced from the viewpoint of the contractor in order to keep it economic profitable to run them.
Methods
The energy consuming residential sector in this model is represented by one-family, two-family, three-family and three-and-more-family houses. A further differentiation of four and five and more family households seemed not to be helpful as load profiles are very similar to the ones of the category of three-and-more-family houses. The energy demand of the residential sector feeds in the model in a minute-to-minute resolution. Due to the different heat and electricity load profiles of the respective households a variety of different load profiles is obtained. To account for “early” and “late risers“ in the households the load profiles start time is randomized within a time span of 3 hours. According to this manner aggregated load profiles for 86 cities in Germany (all cities with more than 100,000 inhabitants) are generated. Furthermore, results from a survey with 48,480 households have been used in order to obtain real heat and electricity consumption data.
By means of a test program with two PEM fuel cells it has been found out how are fuel cell system characteristics (net-characteristics) like load change speed, efficiency on different plant utilisation levels and start-stop flexibility. Parameters for degradation and reliability also have been found out. The aforementioned characteristics of the PEM fuel cell systems have been used to calibrate the compiled fuel cell model in oder to ensure realistic fuel cell behaviour in the models simulation. At this point main focus has been layed on the fuel cell’s ramping capabilities.

Extern signals that have been utilized to lead the model by means of an optimization have been the residential’s sector minute-by-minute load profiles and the hourly electricitiy prices at the European Energy Exchange. The model can be adapted to other European countries by just changing the residential energy demand according to the country, and to non-European countries by also feeding in the country specific price curves for electricity.

Results
First, differences in the residential heat and energy consumption due to local climate differences and sky cover are shown. The data result from a survey to the energy consuming situation that has been conducted with 48,480 households in Germany. Second, the fuel cells ability to satisfy the residential minute-by-minute demand depending on the single fuel cells ramping possiblities and depending on the number of installed fuel cells has been determined and will be visualized.
Third, two scenarios are presented. In the first scenario called “Energy Exchange scenario” the fuel cells electricity production level has been led by a price signal from the European Energy Exchange such that the fuel cells plant utilisation is high when prices at the European Energy Exchange are high and vice versa. The households decision to either consume electricity produced by the fuel cells and therewith to sell less electricity to the market or the decision to consume electricity bought from the market and therewith to sell more electricity allows for further optimization. In the second scenario called “residential scenario” the fuel cells have been operated according to the residential demand and the additional produced electricity has been sold to the European Energy Exchange. Profits and differences comparing the scenarios are pointed out and clearly indicate that there should be a strong interest of the contractor to operate the fuel cells according to an operating concept aiming on selling electricity at the European Energy Exchange.
Fourth, we have summarized our findings out of the operating concepts and indicate at which investment costs for fuel cells it would be economic profitable to run them as a contractor.
Conclusions

A single fuel cell system does not allow for a complete residential demand satisfaction (minute-by-minute) but by increasing numbers of installed fuel cells and increasing number of supplied households the residual electricity (demand minus supply) flattens out. With this flatting out behaviour it also becomes possible to adjust electricity generation according to short or long situations on the electricity market and to optimize the operation subject to profits. Possible profits made in such a flexible operation should not be underestimated.
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