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Abstract 


The objective of this doctoral thesis was to design a 
 simple, flexible and robust fuel cell system for micro 
 combined heat and power (μCHP) systems for local 
 households.  


Several components in the PEM fuel cell systems were 
 tested and modeled. During the first part of the Ph.D. 


main focus was put on the low temperature PEM fuel 
 cell technology, but as the system complexity needed for 
 this technology was high, focus shifted towards the high 
 temperature PEM technology. This technology offers 
 increased resistance toward impurities in the reformat 
 stream such as carbon monoxide. 


Laboratory tests on both technologies were performed 
 and an empirical model was developed for the HTPEM 
 technology. The model take into account variations in 
 operating temperature, cathode stoichiometry, CO 
 content in reformat stream and current density. 


The fuel cell model forms the basis of the transient 
 Matlab®Simulink model which, beside the fuel cell, takes 
 into account fuel processor components such as steam 
 reformer, heat exchangers and water gas shift reactor. 


A novel system layout was invented and simulated for a 
whole year cycle taking as input the transient energy 
consumption of 25 single family houses and timely 
dependent grid electricity and natural gas prices. A total 
efficiency of 85-94%LHV was obtained with a variable 
cost margin, compared to a traditional natural gas 
furnace, of app. 400-600€ per household. 
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1  Introduction 


In this chapter the fuel cell based micro combined heat and power system will be explained, starting with the general overview 
 of such a system. This is followed by a brief introduction to the major technical system components. 



1.1  Introduction to the fuel cell technology 



1.1.1  Introduction to μCHP 


In the recent years the energy sector has received increased attention due to the concern for 
 oil shortage and the present dependency on politically unstable foreign nations. 


Additionally, concerns such as the green house effect and a general depletion of our energy 
 reserves have played a significant role in the debate.  


This has caused the development of a range of new energy technologies such as windmills, 
 solar cells, bio-fuels and fusion energy. All of them have inherent weaknesses and strengths 
 and in general they must be thought of as a piece of the puzzle. This also counts for Micro 
 Combined Heat and Power (μCHP) systems dealt with in this thesis. 


While most of the technologies mentioned above supply or harvest energy, combined heat 
 and power should be thought of as an efficient way of converting these (or more traditional 
 energy resources) at the right time and place to the energy form needed. By combining the 
 generation the heat loss typically associated with electricity production can be used for 
 heating or even cooling purposes under certain circumstances. By taking this conversion 
 system into local households or larger building complexes the word micro comes into play. 


So why is this interesting, considering that most of us trust in “big is better” (or at least 
 cheaper)? 


In Denmark, as many other countries, small to large scale combined heat and power plants 
 have been widely spread for decades. However, in general the transmission losses associated 
 with the transport of energy from the central and even decentralized power plants to the 
 domestic households is of major concern. By repositioning the energy conversion step to the 
 location of the end consumer, it is believed that significant savings can be achieved. 


However,  it  must  also  be  considered  that  the co-generation of heat and power tends to 
 introduce problems for the grid. What is causing these problems?  


The answer is that heat and power consumption is offset, meaning that when producing 
 heat, the electricity is not always required. This weakness is amplified when combined with 
 most stochastic renewal energy sources, which produces energy when the sun or wind is 
 available (of course with the exception of hydro power).  


So besides producing heat and electricity μCHP should also aim to improve this situation 
 and maybe even increase grid stability.  


Besides fuel cell technology which is treated in this thesis, there has been performed 
extensive work on other technologies for μCHP purposes. These include systems based on 
the traditional internal combustion engine, which have used in various projects including 
[1]. It was seen however that the electrical efficiency was rather low (20-30%). A number of 
companies supplying these kinds of systems exist including EC-power, Senertec and 
Ecopower.   
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 In recent years the Stirling engine has been receiving more focus even though the efficiency, 
 this technology can offer, is relatively low. This is mainly due to the relatively low cost and 
 simplicity of the system making it fairly easy to introduce to the market. Moreover also 
 issues such as a very long lifetime, silent operation, low maintenance cost and high fuel 
 flexibility makes it attractive. On of the most dominant players (at least on the European 
 Market) is the company Whisper Tech, which signed a contract with the British energy 
 company E.ON in 2004.  


The fuel cell based CHP systems offer a range of advantages over the competing technologies 
 which include: 


•  Higher efficiencies ranging from 30-50% for the overall system should be possible 
 depending on the system configuration and fuel cell type used. 


•  A high turn down ratio, so the system can accommodate the consumption at any 
 given time. 


•  In some cases a rapid startup and quick transient response in order to play a role in 
 grid stabilization.  


•  Potentially low cost even though this still has to be proven.  


Today most believe that μCHP will be spread through larger fleet owners who lease systems 
 to the end users in domestic households. These companies will negotiate terms for gas 
 delivery and electricity import/export conditions to the grid. 



1.1.2  Fuel cell basics 


Fuel cells are electrochemical devices, which efficiently convert energy in the form of 
 hydrogen directly into electricity without combustion and with no moving parts. The process 
 is the opposite of electrolysis and can be compared with the reaction taking place in 
 batteries. The basic reaction is shown in equation: 


2 2 2



2 H + O → 2 H O + 4 e −
       (1)       

The following figure illustrates the principle of a single proton exchange membrane (PEM) 
fuel cell: 
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Figur 1: Schematics of a single PEM fuel cell. 


An electrolyte separates the anode and the cathode side, allowing only protons (H+) to pass. 


Hence the electrons released from the catalyst layer on the anode side are forced through 
 the external circuit hence driving the load. On the cathode side they recombine with oxygen 
 (usually supplied in the form of air) and protons, which have passed through the membrane, 
 producing only water.  


The cell voltage would theoretically be 1.48 V if the water was formed in condensed form at 
 25°C. Since this is usually not the case the theoretically limiting voltage is app. 1.25 V 
 depending on the operational temperature of the cell. Usually 10-100 cells are connected in 
 series to produce a fuel cell stack with a higher voltage but at the same current, as the 
 single cell. Today typical maximum current densities (operated on air and not pure oxygen) 
 are in the range from 0.5-2 A/cm2.  


Typical realistic operating cell voltages are between 0.5 and 1V per cell, due to chemical 
 activation, concentration and ohmic losses. These irreversibilities are highly non-linear. Not 
 only do the losses differ from stack to stack but also from cell to cell inside the stack due to 
 manifold design, temperature and specie distributions and production differences.  



1.1.3  The road from natural gas to the fuel cell 


Since PEM fuel cells cannot operate directly on higher hydrocarbons, such as the content of 
 natural gas, the fuel needs to be split into hydrogen and some by-products. Ideally this can 
 be exemplified by the endothermic steam reforming reaction of methane: 


CH4+ x2 H2O -> x2 H2 +x3 CO+x4 CO2


In real systems additional components exist in the gas leaving the reformer including 
 sulphur containing molecules. To clean up the gas, additional steps such as water gas shift 
 and sulphur traps are added prior to or after the reformer it self. All these reactors are 
 commonly termed a fuel processor and will be discussed in more detail in section 2.2.  



1.1.4  Fuel cell based μCHP  


Fig 1 shows a basic fuel cell CHP system for a domestic household. From left the natural gas 
enters the house, being converted into a hydrogen rich mixture in the fuel processor, from 
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 where it enters the fuel cell.  The fuel cell produces electricity, which is fed to the DC/AC 
 inverter providing the power directly to the household or exporting it to the grid. In the case 
 when the fuel cell does not produce sufficient power to meet the household demand, 
 electricity is imported from the grid. As a by-product from the electricity production the fuel 
 cell produces heat, which is fed to the hot water storage. It acts like a thermal buffer 
 enabling a timely offset between power and heat consumption. 


Fuel Cell


Natural Gas


Hot Water 
 Storage
 AC


DC
 Grid 


Connection


Electricity Hot Water


Heating


Fuel processor: 


CH4 + 2 H2O-> 4 H2 + CO2


Fuel Cell: 


H2 + 0.5 O2 -> H2O + Electricity


Fig 1: Fuel cell based CHP system for domestic household 


If the system is operated with no grid connection at all, it is termed island operation, 
 indicating that all electricity consumption of the household must be supplied by the fuel cell 
 system. The simplicity of such a system is obvious as only one external connection (natural 
 gas) needs to be provided for the house but on the other hand it puts large constraints on 
 the systems reliability and the advantages of possible grid stabilization are not present. 



1.1.5  Market and technology perspectives 


The overall vision of micro CHP is that electricity is produced as a by-product from the heat 
 production already taking place in several households using traditional gas furnaces. This is 
 in contrast to the heat and power produced in central CHP plants which suffer from 
 transmission losses to the household. In theory, if produced where the consumption is, the 
 overall efficiency can be close to 100%. Since heat and hot water is not consumed 
 simultaneously the electricity can be decoupled from the heat production using a thermal 
 buffer. This would typically be a hot water tank. 


Additionally, these small power plants, if there are enough of them, can help stabilize the 
 grid by supplying peak power production to the grid, saving one or more peak power plants. 


This will in turn allow additional renewable energy sources to be installed. 


RWE (a large German energy supplier) estimated in a presentation at the conference Grove 
Fuel Cell 2005, that there are more than 3.5 million potential units in Europe based on the 
number of natural gas furnaces they could replace. However, not all of these will be 
converted to micro CHP and they suggested that 10% would be a more realistic number 
counting in total 400.000 annual units. Of these figures the German market alone accounts 
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for 40-60.000 annual units. This makes a fairly large market of an estimated value of 800 
 M€ based on 2kWe units at sales price of 1,000 €/kW net system power. 


From a national point of view, Denmark currently has 300.000 households with natural gas 
 furnaces installed. Fig 2 shows the extensive web of natural gas pipelines currently installed 
 in Denmark. Denmark has currently (2005) a net-export of natural gas. 


Fig 2: Natural gas pipelines in Denmark. 


Storage 
Processing 



(13)INTRODUCTION CHAPTER 1



(14)SCOPE OF PROJECT CHAPTER 2


7



2  Scope of Project 



2.1  Background analysis for μCHP 



2.1.1  The Danish electricity grid 


In the previous chapter the macro perspectives of the fuel cell based  μCHP technology were 
 discussed. In this section the focus will shift towards the impact the technology could have 
 on the national electricity grid in Denmark. However, it is believed that the content will have 
 general relevance to other countries as well.  


Referring to Energinet.dk (October, 2006), Denmark has a capacity of 7,269MW of central 
 power plants, 2,217 MW on decentral power plants and 3,133 MW from Wind power. This 
 makes the electrical infrastructure in Denmark one of the most challenging in the world. 


Most of the central and de-central power production facilities are co-producing units which 
 largely constraints the control system. Additionally, windmills have been installed to such 
 an extent that production from wind energy is larger than the power consumption in some 
 periods during the year. Fig 3 shows an example of such a situation.  


0.00
 500.00
 1,000.00
 1,500.00
 2,000.00
 2,500.00
 3,000.00
 3,500.00
 4,000.00


1 51 101 151 201 251 301 351 401


hours


MW


Windpower - West DK
 Consumption - West DK


Fig 3: The wind production and power consumption from early November and 2 weeks ahead.  


In order to maintain grid stability, significant amounts of electricity is imported/exported 
 across the borders. In extreme cases the spot price on electricity falls to zero and even 
 below.  


Table 1 shows a list of the major power producing plants and units in Denmark. The 
numbers shown are estimates based on litterature studies performed by Énergistyrelsen, 
Elsam and Energinet.dk (formerly Eltra). Most of the central power plants in Denmark use 
coal as the primary fuel and a great effort has been put in optimizing these. The total peak 
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 efficiency (heat and power) of these are up to 93%LHV and 52%LHV peak when producing 
 electricity (Avedoere 2) only. These figures are at the optimal conditions and can not be 
 obtained simultaneously. The plants can be turned down to app. 20% of fuel load, but they 
 suffer from a maximum load change of 4%/min. This is often not sufficient to accommodate 
 the disturbances produced by other producers (and consumers) on the market. 


Single cycle gas turbines can produce at a similar efficiency but are limited to 20-47% 


maximum efficiency depending on size. They are typically used at central and de-central 
 natural gas fired plants. However, they are able to respond fairly quickly with load gradients 
 of 10-20 MW/min for the large scale plants (app. 10-20%/min). The maximum turn down is 
 40-60% of peak power due to the current legislation concerning NOx emissions. They are 
 rather in-expensive to build with 400-530€/kW in specific investment for the larger units, 
 and the maintenance costs are also fairly low. Some of these units also provide peak power 
 production during high consumption hours. 


Combined cycle plants are extremely efficient electricity producers but the total efficiency is 
 a bit below the other types, due to high air-to-fuel ratios used. The investment is also fairly 
 low but maintenance costs are a bit higher. The remaining figures are similar to those of the 
 single cycle type. 


Wind turbines actually present a low initial investment taking into account that the fuel cost 
 is non-existent. The maintenance costs are however fairly high. The obvious drawback is 
 naturally the non-predictive behavior. 


Micro combined heat & power systems based on gas turbines are also included. From the 
 analysis performed they should be regarded as units producing electricity as a by-product, 
 taking into account the electrical efficiency of only 20%. The investment is also fairly high 
 with app. 1000€/kW in initial investment. The overall efficiency is low compared to existing 
 gas furnaces which has demonstrated figures beyond 90%. 


Specific  
 Investment 


O&M  
 total 


Fixed O&M  Variable 
 O&M 


Total  
 eff. 


(peak) 


Electri
 cal eff. 


(peak) 


   M€/MW  €/MWh  k€/MW/yr  €/MWh %  % 
 Advanced pulverized coal 


power plant 


1.1  16 1.8 


93 52 
 Gas turbines single cycle 


Large, 40-125 MW  0.44-0.53  6.7-8  2.0-3.0  92 42-47 


Medium, 5-40 MW  0.57-0.86  8  2.5-4  92 36-46 


Mini, 0.1 - 5 MW  0.8-1.7  1  80-90 32-42 


Micro, 0.003 - 0.010  0.8-1.4  8.0-12.0  65-80 20 


Gas turbines 
 combinedsingle cycle 


Large, 100-400  0.4-0.7  11.0-14.0  1.5  90 58-62 
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Small, 10-100  0.57-0.83  10  2.5-3.5  90 47-55 


Wind turbines       


On land  0.62-0.75  8 


Offshore 1.0-1.3 4.0-6.0 


Micro combined heat and 
 power systems 


Gas turbine, 3-10 kW 


Gas engine, 1-20 kW  0.8-1.4 1.0-3.0 


      65-80 20 


Table 1: Major power producing technologies. Expected figures for 2010-2015 [2]. 



2.1.2  Consumer energy prices 


Energy prices for the Danish consumers have been taxed increasingly over the last couple of 
 decades. Table 2 shows an example of the composition of the total electricity price as it 
 looks for the private users in the northern part of Denmark. It is evident that the electricity 
 price in itself only contributes with about 25% of the price, while the rest is mainly taxes 
 and VAT. It should also be noted that the grid payment also contributes with more than 
 25% of the electricity price itself.  


Description Price Unit 
 Electricity price  52.4  €/MWh 


Grid payment  15.2  €/MWh 
 Public contribution  8  €/MWh 
 Electricity tax  71.47  €/MWh 


CO2 tax  12  €/MWh 


Distribution tax  5.33  €/MWh 


VAT 41.11 €/MWh 


Total price  205.51  €/MWh 


Table 2: Consumer electricity price [3] 


Table 3 shows the composition of the consumer gas price based on numbers from DONG 
 Energy. The numbers from the source are converted into kWh instead of m3. According to 
 DONG the lower heating value (LHV) of natural gas is 11.05 kWh/Nm3. Additionally an 
 exchange rate of 7.5 DKK/€ is used. In comparison the gas price itself is only marginally 
 cheaper than the electricity price. However, the taxes are much lower which makes it 
 economically viable to use natural gas for heating instead of electricity.  


Description Price Unit 
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Gas price  48.0  €/MWh 


Natural gas tax  24.6  €/MWh 


CO2 tax  2.4  €/MWh 


Transport 11.7 €/MWh 


Vat 21.7 €/MWh 


Total price  108.4  €/MWh 


Table 3: Consumer gas price [4] 


If the natural gas is used to produce the electricity consumed, a margin close to 50% would 
 be obtained. It is questionable, however, if politicians would allow that in a larger scale 
 when tens of thousands of units are producing electricity in this way. However, it could 
 provide an incitement for the first few hundreds or thousands households to begin using 
 micro CHP. 



2.1.3  Market energy price structure 


If the micro CHP is going to be introduced in larger scale, one has to look at it from a 
 macroscopic point of view. Fig 4 shows the market electricity price in western Denmark. It is 
 clear that the market price is below the average price discussed on the previous section of 
 52 €/MWh. The higher price is due to the subsidies paid to the environmentally friendly 
 technologies such as decentral combined heat and power facilities and wind mills, although 
 prices tend to increase slightly through 2005. 


-
 10.00
 20.00
 30.00
 40.00
 50.00
 60.00
 70.00
 80.00
 90.00
 100.00


1 1001 2001 3001 4001 5001 6001 7001 8001
 Hour of year


Pris, €/MWh


Fig 4: Electricity price DK-vest, year (Data set from energinet.dk, Oct. 2006). 


From the above private consumer prices it would be impossible to compete with the spot 
 price for electricity based on natural gas as a fuel. However, commercial customers can 
 obtain natural gas corresponding to the prices shown in Table 4. 


Description Price  Unit 
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Gas price  31.6  €/MWh 


Energy tax  24.6  €/MWh 


CO2 tax  2.4  €/MWh 


Transport 11.7  €/MWh 
 Total price (excl. transport)  58.6  €/MWh 


Table 4: Gas price for industrial consumers [6] 


Moreover individual prices are set for larger customers. 


Political support for decentralized CHP production is already present for two primary 
 reasons. First of all, decentralized CHP plants will enable a larger fraction of the consumers 
 utilizing the heat from power production, and hence decreasing CO2 emissions. Secondly 
 grid losses associated with heat distribution are in the order of 20% according to [7]. 


Moreover, the electrical grid loss could be as high as 19% in peak hours and 9% at low load 
 as shown in Table 5.  It has not been possible to validate these numbers against other 
 literature. 


Voltage Level  Low load  High Load  Peak Load 


150+400 kV  2.8%  4.2%  4.7% 


60 kV  2.1%  3.2%  3.6% 


10 kV  1.4%  2.7%  3.5% 


0,4 kV  2.8%  5.1%  6.8% 


Total  9.1% 15.2% 18.6% 


Table 5: Marginal electrical grid loss [8]  


Moreover, as the electricity consumption is still increasing steadily grid expansion is 
 performed continuously. Estimated cost according to the same source for reduced 
 expansion expenses are shown in Table 6. These numbers are of course mainly suited for 
 comparison when considering new parcel areas. If these numbers can be trusted, the 
 specific investment is of the same order of magnitude as constructing the central single (or 
 combined) cycle gas turbine it self. Another comparison could be made to the expected fuel 
 cell cost beyond 2010, which is believed to be in the range of 3-400€/kW. Hence the saved 
 investment in the grid could actually pay the cost of the fuel cell. 


Voltage Level  Kr/kW1  kr/kW2 €/kW2


150 kV  1577  1810  241 


60 kV  526  604  81 


10 kV  297  341  45 


0,4 kV  297  341  45 


Total  2697 3096  413 
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 Table 6: Savings due to reduced grid expansion. 1) Price index February 2000. 2) Price index August 2006 


[8] 


The above figures are used to set a price that reflects the benefit it has to produce heat and 
 power locally. Table 7 summarizes these numbers. At high and peak load there is a quite 
 large margin to the natural gas price in itself. However, at low load the margin is actually 
 negative with the list price obtained from DONG indicating that transmission of the natural 
 gas to the micro CHP system should be almost zero. 


   Low load  High Load  Peak Load 


A1/A2-tariff (60/10 kV and 50/10 kV)  28  58  76 


B1/B2-tariff (10/0.4 kV)  28  61  81 


C-tarif (0.4 kV-net)  29  65  88 


Table 7: Time-of-day tariff (€/MWh) [9] 


Table 8 shows the standard tariff periods. Note that weekends and holidays are all off peak 
 throughout the day. It is also clear that peak load is in the morning and around noon and 
 high load more or less the rest of the daytime. 


Normal working days  Low load  High load  Peak load 
 Winter (October - March)  21.00– 06.00  06.00 – 08.00  08.00 – 12.00 


12.00 – 17.00  17.00 – 19.00 


  19.00 – 21.00 


Summer (April - September)  21.00– 06.00  06.00 – 08.00  08.00 – 12.00  


      12.00 – 21.00    


Table 8: Standard tariff periods [9] 


It would make most sense to only produce electricity for the grid during daytime (high- and 
 peak-load) and only cover the households own electricity demand the remaining time. One 
 could even imagine that grid electricity is used (power, heat or both) during low load 
 situations and completely shut down the system. This could make sense during summer 
 nights and weekends where the heating demand is low and it may prolong the lifetime of the 
 system components as they currently tend to degrade in a per-operating-hour manner (at 
 least for some fuel cell types). 


In the long run authorities will probably require the electricity production to be metered, 
 whereas in the short term this is probably not the case. It is also not evident that the 
 customers can pay (or receive) money for the net annual production as i.e. solar cells can in 
 Denmark. Hence in the short term, the most economical control strategy will most likely be 
 to operate the system in a close to island mode, where the transient power demand is 
 almost completely satisfied by the fuel cell with the exception of minor power peaks. 


Concluding, the majority of electricity is (and probably will be) produced by plants utilizing 
cheap fuel such as coal or renewables. Nuclear power could also be an option but since it is 
generally unpopular in the Danish population it will not be taken into further considerations 
here.  
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2.1.4  Choice of fuel for CHP applications 


While oil production begins to peak there will still be fairly high volumes of natural gas 
 reserves left. Fig 5 shows the annual consumption and estimated reserves. It can be 
 concluded that based on the current consumption there is 64 years worth of reserves or 
 more than 100 years from the estimated total reserves. Some of these however will be 
 located in more remote areas difficult to access and as it can also be seen, they are by no 
 means dispersed equally around the world. 


Fig 5: Left; current world natural gas consumption. Right; current estimated reserves. [EIA, 2006, 
 http://www.eia.doe.gov/oiaf/ieo/pdf/nat_gas.pdf, sep. 2006]’ 


It is believed that a range of different new fuels will become available in the future. This 
 could include biofuels (for instance ethanol, RME, compressed biogas or biodiesel) but the 
 discussion about methanol as the energy carrier is increasing. The main advantage of 
 methanol is that it can be produced from almost any organic source including natural gas 
 (by reforming and afterwards a synthesis of H2, CO and CO2), coal or even biofuels using 
 various enzymes or fermentation. Moreover, for fuel cell applications, it is a very convenient 
 fuel especially because it is so easily reformed back to a synthesis gas usable directly in 
 fuels at temperatures below 300°C. In terms of well-to-wheel it may even be more efficient 
 transporting natural gas as methanol and it would presumably make the delivery more 
 secure when regional stability is considered. 


Summarizing natural gas may be the fuel of today and many years to come for micro CHP, 
 but a range of other fuels may play an increasing role. 



2.1.5  Input data from 25 single house heat and power consumption 


In order to validate the feasibility of the system, it is very important to have a set of realistic 
 input data. The remaining part of the analysis in this thesis will be based on datasets from 
 25 single family Danish houses from 1991. These include measurements every 15 minutes 
 of a year of hot water, central heating and power consumption.  


Fig 6 shows the total consumption of heat plus hot water and electric power respectively. It 
is seen that the total heat and hot water consumption for the houses varies from 4,800 to 
20,000 kWh and the total electric power consumption from 2,850 kWh to 1,162 kWh.   
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Fig 6: Left; total central heat and hot water consumption. Right; total power consumption. 


Fig 7 shows the annual distribution of the consumption data, where the 25 datasets are 
 averaged. It is seen that the hot water and power consumption is fairly constant throughout 
 the year whereas the central heating demand varies, not surprisingly, from app. 2.5kW in 
 winter time to practically zero during the summer months. This means that the heat-to-
 power ratio is app. 4-1 in the winter time and 1-1 during summer. 
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Fig 7: Average distribution of heat and power demand through out the year starting January 1st 1991. The 
 dataset is additionally filtered with a running average (96 data points corresponding to one day). 


Fig 8 shows the energy consumption distribution of house 6 (unfiltered). It is clear that this 
is a completely different pattern than the average scenario. The heat- to power ratio is no 
more than 2-1 in this case and in summer time (not shown in this figure) it is app. ½-1.  
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Fig 8: Distribution of heat and power consumption in house 6 during the first week of January 1991.  


Hence the system has to be robust not only to large differences in consumption pattern 
 between the different households but also to variations throughout the year. The heat-to-
 power ratio must be able to vary from around 1-1 during the summer months to 1-4 during 
 winter for the average dataset, which will be even higher for specific households in the 
 dataset. This would indeed be challenging. Hence it is most likely that the system is 
 connected to the grid and not operating in island mode, as to cover peak consumption. 



2.1.6  System performance specifications 


From the preceding analysis it can be concluded which issues must be addressed when 
 designing the CHP system. Table 9 summarizes these.  


Description Demand Added value 


Have a total efficiency equal to or higher than conventional 
 gas furnaces  


X  


Have an electrical efficiency comparable to that of central 
 power plants (taking transmission losses into account) 


X  


Have a fast transient response to have a load following 
 characteristic in relation to the power consumption of the 
 local household 


 X 


Variable heat-to-power ratio   X 


UPS capability   X 


Provide peak power production capability for the market  X 


Large turn-down ratio  X 
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Fuel flexibility  X 


Table 9: Desired features of the fuel cell system 


The demands for the system are the issues that must be fulfilled in order for the technology 
 to be feasible. Added value features could be the decision making factor for customers 
 switching to a new technology, as economical concerns are not necessarily the only driving 
 force.  


The total efficiency should be equal to or better than what can be achieved with 
 conventional gas fired furnaces, as these units will be operating in heat producing mode in 
 longer periods. 


The electrical efficiency must be higher than what can be provided by central or de-central 
 power plants in order to have a larger market potential. If it is not, the marginal production 
 cost will not be lower and it would not make sense to implement these systems from a larger 
 economical or political perspective. However, from the previous section it should be noted 
 that the transmission losses from the central plants are by no means negligible. 


Additionally, the systems should always be able to supply the household with heat, so the 
 total efficiency should not be lower than what the natural gas fired furnaces could provide. 


Target electrical efficiencies should be as high as 40-50%. 


If the units are going to participate in future grid stabilization (which larger players on the 
 market  claim)  they  should  be  able  to  have  a fast transient response, almost instantly to 
 provide power in the case of sudden changes due to wind power, power plant black-outs etc. 


This however, might be a demand as the continuing development of renewable energy 
 sources will tend to destabilize the grid. 


The heating demand of households should always be accommodated. If the electricity 
 production should be independent (i.e. in case of island mode or controllable grid export) a 
 variable heat-to-power ratio is needed. This, however, might be questioned if the heating 
 demand could be supplied by electricity during hours of low spot market prices. 


UPS (Uninterruptible Power Supply) capability of the system might be an underestimated 
 value for the customer. However, this would be an important feature if the frequency of 
 black-outs and instability of the grid continuous to rise. This might be challenging as it will 
 require changes in the current Danish legislation. Additionally, it may only be for some 
 specified circuits in the local household powering light, computers, TV etc. to prevent 
 overloading of the system during peak household consumption. 


As the preceding sections also showed, the national tariff price structure gives rise to 
 significant revenues if peak power production can be provided to the grid. This will 
 significantly influence the payback time of the system. 


The system should have a large turn-down ratio without sacrificing the high efficiency. 


Ultimately it could even be completely turned off to use cheap grid electricity also for 
 heating. This could i.e. be in periods with very high wind power production. 


Fuel flexibility could be a major concern when looking 10-25 years into the future referring 
 to the previous discussion, even though it might not be so relevant at the present time. 


Other fuels, like methanol, will probably be available within the major commercialization 
period of micro CHP systems. However, the scope of this analysis will be limited to natural 
gas. 
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2.2  Technology 


From the previous discussion it has been decided which key features the CHP system 
 should have. The fuel cell related technologies to be used in order to fulfill the demands are 
 described in this section. Fig 9 shows a basic fuel cell system with fuel processor connected 
 with the typical inlet-outlet fluid flows. From left a mixture of natural gas and water enters 
 the system in order for the reforming reaction to take place. Since this process is 
 endothermic (it consumes energy) air needs to be supplied to release heat by oxidation of a 
 kind of fuel (typically either natural gas or the combustible parts of the depleted anode 
 gasses). From the fuel processor, the output gas stream (reformate gas) is fed into the fuel 
 cell. After passing through the fuel cell the anode of gas leaves the fuel cell 


Fig 9: Basic layout of fuel cell system 


On the right hand side air is supplied to the fuel cell providing the necessary oxygen for the 
 process. In the bottom right a liquid or gas is entering providing cooling for the system. The 
 excess heat removed by the fluids can cool the system. 



2.2.1  Fuel cell types and issues 


In the previous chapter a brief introduction to the fuel cell it self was given. In this section 
 the different categories of fuel cells will be discussed. 


In low temperature fuel cells that use a polymer membrane as electrolyte (PEMFC), protons 
 are released on the anode side and transported through the membrane to the cathode. The 
 most common in this polymer class is Nafion® produced by Dupont. This type has been 
 widely spread during the last decade to almost every application. Due to the low operating 
 temperature (20-80°C) it is very compatible with many polymers and metals used for 
 constructing the stack such as gaskets and separator plates which are typically made by a 
 polymer/graphite mixture. However in general, this type of fuel cell is very sensitive to 
 pollutants such as carbon monoxide (<50ppm) and sulphur (in the range of ppb´s). 


Additionally the membrane needs to be humidified to obtain a high efficiency and to secure 
 a long lifetime. Currently a number of MEA developers have shown degradation rates as low 
 as few mV/1000 hours at 0.2 A/cm2, permitting large scale commercialization and lifetimes 
 exceeding 30-40.000 hours (see i.e. the fuel cell section of www.gore.com, 2006).  


The cost of the membrane itself is expected to be very low, but the cost of the catalyst can 
add up a significant amount of the fuel cell cost itself. At the time of writing the cost of 
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 platinum (the major cost component in the catalyst) is 1140 $/troy oz [10] which equals 
 36.7 $/g. To relate it to the fuel cell cost, typical Pt loadings are below 1mg/cm2. One cm2 of 
 fuel cell typically outputs 0.2-0.6 W/cm2. Recalculated this yields an app. 60-180 $/kW. 


Several research groups have however already proved a factor of 10 reduction in Platinum 
 use, so the calculated cost will be only 6-18$/kW. Usually, however, this comes of the cost 
 of a shorter lifetime. Comparing that to expected prices of 1000-2000 $/kW, this will most 
 likely not be the major obstacle. 


Another type of polymer based fuel cell is the high temperature PEM fuel cell (HTPEMFC). It 
 has been investigated thoroughly in the late 90´s by a few research groups in Europe and 
 United States. It is most commonly based on the polybenzimidazole polymer which is not 
 proton conductive in itself. However once doped with phosphoric acid, the conductivity is 
 comparable with that of Nafion®. The operating temperature is between 120 and 200°C. 


Even though the catalyst used consist of many of the same materials as the low temperature 
 PEM fuel cell it has a much higher tolerance towards CO (1-5%) and sulphur. Additionally, 
 the membrane need not be humidified and so dry air can be used to feed the fuel cell. 


Degradation rates of the P1000 MEA of app. 5 mV/hour@0.2 A/cm2 has been shown over 
 nearly 25.000 hours. The next generation (P2000) is expected to decrease this number even 
 further. Among the drawbacks is that the fuel cell have to preheated to >100°C prior to 
 operation in order to prevent acid leaching and that the efficiency is slightly lower than low 
 temperature version. Catalyst loadings are similar to those of the low temperature PEM fuel 
 cell. Today the membrane electrode assembly (MEA) is produced mainly by a German 
 company PEMEAS GmbH. 


An older and well proven technology is the PAFC, which has a lot of similar properties to the 
 HTPEM fuel cell including operating temperature and CO resistance. However, it suffers 
 from the fact that it has a liquid electrolyte, which limits the achievable power density and 
 complicates the stack design, preventing the large scale commercialization, even though 
 these systems have been proven durable over long periods of time. It seems however that 
 most activities within this technology have been decreasing in the current decade. One of 
 the most well known companies working with PAFC is UTC fuel cell. 


Solid Oxide fuel cells use a range of ceramic materials to produce a membrane that 
 conducts O2- ions, which are transported in the opposite direction compared to the PEMFC 
 in the above explanation. This type is currently the most efficient fuel cell type. The high 
 operating temperature of 600-1000°C makes it very resistant to pollutants such as sulphur 
 and carbon monoxide (CO). In fact the latter is actually considered a fuel to this type of fuel 
 cell. In some cases the fuel cell may even operate directly on natural gas (methane) even 
 though a brief pre-reforming step is typically added to break down the higher hydrocarbons. 


However, the combination of ceramic materials and high operating temperature make it 
 sensible to thermal stress and mechanical stability, and the materials needed to produce the 
 separation plates tend to be rather expensive compared to low temperature fuel cells.  


Moreover the slow transient startup needed to prevent mechanical failures makes it 
 challenging to use in applications where startup time is an issue. Maybe most importantly it 
 has yet to be proven that long term stability can be achieved under higher loads, low fuel 
 utilization and lower temperatures (<600C) to make it compatible with less exotic materials 
 such as traditional stainless steel. Haldor Topsoe published a range of degradation data in 
 2005 [13], showing fairly low degradation rates (2mV/1000 hours) when operated at app. 


0.14 A/cm2 (12x12cm2, 20A), but at higher current densities the degradation rate rise 
exponentially to tens and hundreds (mV/1000 hours) depending on the operating 
temperature. The fuel utilization ratio used was not given in the referred publication, but it 
is well know that this also influence the cell life drastically. At last it has yet to be proven 
that the SOFC technology can actually be produced at competitive prices (300-500€/kW) 
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which is the typical ambition for μCHP applications. This is yet again strongly linked to the 
 operating temperature and the obtainable current density. 


Molten Carbonate Fuel Cells (MCFC) are very durable and also operate at a fairly high 
 operating temperature. The fuel cell stacks made until now have mainly been produced in 
 larger power scales, ranging from a few hundred kilo watts to mega watts. The most well 
 known company working on this technology is MTU Friedrichshafen.  The technology is very 
 flexible in terms of fuel, but the price is still quite high even for large scale units 
 (~1000€/kW, presentation, MTU, ASME fuel cell 2006). 


In the current project focus will be given towards the PEM type fuel cells as these offer some 
 of the properties needed for CHP systems such as  


•  high efficiency  


•  potentially low cost  


•  transient operation capabilities 


Other candidates might however also be interesting to investigate including especially the 
 SOFC fuel cells due to its very high resistance towards impurities in the fuel stream and 
 high efficiency. 



2.2.2  Fuel processing 


In the previous section it was concluded that the PEM category of fuel cells should be used 
 for the current project why the following discussion will aim on picking the right type of fuel 
 processor for this fuel cell type. 


Fuel processors have been undergoing an extensive development in recent years, and many 
 new companies have been established. Also the catalysts used for speeding up the desired 
 chemical reactions have been receiving a lot of attention, thereby increasing performance 
 and lowering cost of the units. This development, however, is still lacking behind the fuel 
 cell development by a number of years. 


Reforming 


The steam reforming process was briefly described in section 1.1.3. Fig 10 shows a typical 
integration of such a unit and a fuel cell. Natural gas and water is injected from the right, 
and after reforming, the reformate gas is fed to the fuel cell. Since the fuel cell has to operate 
at an anode stoichiometric ratio well above 1 (typically at least 1.2) the remaining hydrogen 
can be combusted and heat exchanged with the endothermic reforming process. Typical 
reforming temperatures are in the range from 650-800°C in the case of natural gas. The 
remaining energy can be utilized for heating various reactants or supply heat to the central 
heating system. 
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Fig 10: A simplified steam reforming based fuel processor followed by a fuel cell. 


Another reforming method is partial oxidation (POX) where only oxygen (air) is let into the 
 fuel stream simply oxidizing the fuel leaving relatively high amounts of CO, N2 and CO2


besides H2. The main reaction is shown below. 


x1 CH4+ x2 O2 -> x3 H2+ x4 CO2 + x5 CO 


This process can become extremely compact because it operates at fairly high temperatures 
 (1000-1200°C) where reaction kinetics are very fast quickly converging towards chemical 
 equilibrium. A close relative is the Catalytic Partial Oxidation (CPO) where the operating 
 temperature (900-1100°C) is a bit lower due to a catalyst having equally- or even faster 
 kinetics. 


A combination of the steam- and partial oxidation reformer is referred to as the auto thermal 
 (ATR) reforming process, where oxygen (air) is supplied combusting a part of the fuel to 
 maintain the right temperature of the steam reforming process. The operating temperature 
 is equal to the steam reforming process (700-800°C) to maintain a relatively low CO content. 


A typical system configuration could look like that of Fig 9. This process exists both in a 
 catalytic and non-catalytic version. 


Other reforming methods include cracking and plasma reforming. These are not discussed 
 in further detail since the application in CHP is not considered feasible.  


While the steam reforming reaction needs heat exchanging to provide heat for the 
 endothermic process, the reformer in itself tend to be larger in terms of volume than the 
 other 3 reforming methods discussed. However the gas quality is higher as no nitrogen is 
 present in the fuel stream increasing the fuel cell performance. Maybe more importantly, the 
 anode off gas, which still contains fairly high amounts of H2, can be used to provide the heat 
 for the steam reforming process. This will in most cases increase the overall electrical 
 system efficiency by 15-30%. 


POX and CPO reformers are not considered a good choice for PEM fuel cells, as they 
 produce very large amounts of CO. Since PEM fuel cells see carbon monoxide as a pollutant 
 this would require a larger gas purification step. 


Sulfur removal 


Sometimes additional process steps are needed. One of them is sulphur removal depending 
on the type of fuel and fuel cell used.  Danish natural gas typically contains 6-15 mg/m3
sulphur [11] partly from the natural gas itself (H2S) and some from THT which is a sulphur 
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containing aromatic substance added to give natural gas its characteristic odor. This 
 corresponds to 7-18 ppm sulphur containing gas molecules. The type of sulphur removal 
 depends on the reforming catalyst used. Some can tolerate in the range from tens to 
 hundreds of PPM. The advantage is that not only is the reformer tolerant to larger amounts 
 of sulphur but it also decomposes the sulphur molecules into H2S which is easily trapped at 
 very little volume at high temperatures after the reformer or even passed through the 
 remaining reactors if they can tolerate it. 


CO reduction 


To be compatible with PEM fuel cells additional CO cleaning steps are needed. Leaving the 
 steam reformer, the gas contains app. 5-15% CO depending on operating temperature and 
 steam-to-carbon-ratio. To be utilized in high temperature PEM fuel cells the CO level has to 
 be brought down to app. 0.2-5% depending on the fuel cell operating temperature and 
 stoichiometric ratio. Water gas shift reactors are used for this exothermic reaction, which 
 uses water to convert carbon monoxide into carbon dioxide leaving additional hydrogen and 
 carbon dioxide on the product side: 


CO + H2O -> H2 + CO2 


Depending on the space velocity (and the catalyst used) and operational temperature the 
 outlet composition will typically be close to chemical equilibrium. Fig 11 shows the 
 theoretical calculated chemical equilibrium for the water gas shift reaction for different 
 steam to carbon ratios (based on methane reforming, H2O:CH4). The CO concentration is 
 however very differently defined in literature. The left figure shows the actual CO 
 concentration in the gas stream. This is however not suitable to use when relating it to fuel 
 cells, as the losses associated with CO adsorption on the catalyst is related the ratio 
 between the bonding species. For PEM fuel cells mainly carbon monoxide and hydrogen will 
 influence the adsorption/desorption kinetics taking place on the surface of the fuel cell 
 catalyst. CO2 acts mostly as an inert gas. Fig 11, right shows the CO/H2 ratio based on the 
 equilibrium composition. Hence species such as H2O, CO2 and (if present) N2 are considered 
 inert. 
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Fig 11: Calculated chemical equilibrium composition. Left; CO concentration (Wet). Right, CO 
 concentration (per hydrogen basis). 


Typical high temperature shift reactors operate from 350-450°C while low temperature 
versions  operate  down  to  app.  200°C.  Depending  on  space  velocity  as  well  as  type  and 
amount of catalyst used, close to equilibrium conditions can be obtained [39]. Typically both 
high and low temperature shift reactors are needed. The higher temperature favors faster 
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 kinetics while the lower makes it possible to bring the CO concentrations down in the order 
 of 0.1-0.5%.  


Gas ultra purification 


While PAFC and HTPEM fuel cells can operate directly using only the shift reactor, low 
 temperature PEM fuel cells need additional cleaning steps as they tolerate only 10-50 ppm 
 CO. Several types of clean up steps have been used.  


One is the palladium membrane used by i.e. Idatech. It provides a very pure H2 supply 
 completely preventing most of the problems occurring with systems operating on reformate 
 gas. The main drawback is the high cost of the material and the relatively high pressure loss 
 associated with membrane separation, which are the main reasons why many have omitted 
 this option.  


Another method is the pressure swing absorption technology which has proven to be a cost 
 effective solution in larger systems although some fuel processor producers (such as 
 HyGear) have implemented it on sub 50kWe systems as well. The main obstacle is the 
 system complexity. It similarly produces almost 100% pure hydrogen. 


The probably most commonly used method, for smaller systems, is preferential oxidation 
 (PrOx). Oxygen (air) is simply injected into the reformate stream after the shift, preferentially 
 oxidizing the CO over a selective catalyst. However, some hydrogen is also consumed (about 
 the same amount as the CO content). This leaves a reformate stream with a fairly high 
 amount of dilutants such as CO2, N2 and H2O contributing to concentration losses on the 
 anode side. Water, however, is needed anyhow to humidify the low temperature membrane. 


Another method is the selective methanation process: 


CO+3 H2 -> CH4 + H2O 


It is an attractive solution to the carbon monoxide problem as it can be performed passively. 


Additionally, the methane produced can be used in the burner after passing it through the 
 fuel cell (in contrast to the PrOx where hydrogen and CO is irreversibly combusted). 


However, a relatively large amount of hydrogen is consumed in the process compared to 
 preferential oxidation. Depending upon catalyst selectivity 3-4 times more hydrogen is 
 consumed than in the preferential oxidation process.  



2.2.3  Conclusion 


For the current project it has been decided to analyze the behavior of PEM fuel cells for CHP 
 systems. The analysis performed in the previous sections indicated that the technology is 
 mature and it contains some of the characteristics needed as discussed in section 2.1.6. The 
 main advantage includes the current cost and availability but also the transient capabilities 
 (and even frequent start/stops) tend to favor this technology. On the contrary issues such 
 as fuel processing system complexity pulls in the other direction.  


The total reformer electrical efficiency will be of major importance. The system efficiency 
 offered by the steam reformer is potentially better as the anode off gas can be utilized for 
 process integration (and not only heat). Other issues, including hydrogen quality, also 
 points towards the steam reformer as the reformate gas stream is not diluted by nitrogen as 
 the other types. Since PEM fuel cells are going to be used, some or all gas clean-up steps are 
 needed.  



2.3  Problem statement 


From the previous discussion an overall project definition is to be made.  
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The objective is to design a simple, flexible and robust fuel cell system for stand-alone 
 stationary heat and power generation in local households. Hydrogen is produced from 
 natural gas using a reforming system and hence no additional fuels will be investigated in 
 the current project. 


Conventional oil-fired boilers should be substituted by this system. System efficiency should 
 be as high as possible and competitive with similar technologies such as piston engines, 
 micro gas turbines and Stirling engines. The system should (if possible) be able to adjust 
 heat and power production to meet both power and heating demands of the household.  


Main focus in the project is to model and design the integrated fuel cell and steam reforming 
 based system to meet requirements given by heat and power demand (i.e. power 
 conditioning, grid and heat supply system). The system is illustrated on Fig 12. The 
 reforming subsystem contains all related system components including gas purification 
 system etc. To further delimit the project a Proton Exchange Membrane Fuel Cell (PEMFC) 
 should be used, though other types of fuel cells should be briefly discussed. 
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Fig 12: The system produces power to the grid and heat to the household. The main system components 
 are shown. 


Three overall control strategies should be investigated concerning the way household heat 
 and power consumption is accommodated: 


•  Near future alternative control strategy:  Heat following only, meaning that surplus (or 
 minus) electricity is balanced by the grid. 


•  Near to medium term control strategy: The power is produced on an hour-to-hour 
 basis to fulfill both the household heat and power demand. This would enable a 
 faster commercialization as no special legislation is needed (i.e. net-year power 
 production as for solar cells). The household heat consumption should always be 
 accommodated and hence the heat-to-power ratio has to be variable. 


•  Future control strategy: From the preceding analysis, it is believed that if tens of 
thousands of systems will be installed in the households, the consumers will be 
taxed for the electricity produced as they do when they buy from the grid. Hence in 
order to obtain additional revenues to cover the expenses it should be sought that 
the system is net-producing electricity to the grid during high- and peak-load hours 
of the day, while operating at very low load during low load hours (night, weekend) 
The model should be able to reflect the practical possibilities of the fuel cell technology for 
μCHP. The output should be measurable in terms of component sizing and overall over 
economical figures. The latter could include the margin between having a traditional gas 
fired furnace and fuel cell based micro CHP system. This will give some indications how 
large a capital cost that can be accepted. The analysis should be based on the average 
household consumption of the 25 households presented in section 2.1.5.  
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2.4  Method 


In order to fulfill the goals of the problem statement, a method is provided in the following 
 section. Ideally a complete system should be designed and implemented as a laboratory test 
 rig. Laboratory test facilities of system components should be analyzed to provide input to 
 the modeling. The modeling should then provide the background for extrapolating the test 
 results to a new design and system integration based on modeling.  



2.4.1  Modeling 


“Starting backwards” the model should be able to describe, with a reasonable accuracy, the 
 system dynamics and steady state operating characteristics. On the other hand the model 
 should be fast enough such that a whole year can be simulated within a few hours to be 
 able to analyze the effect of changing model inputs. These are conflicting goals and it has to 
 be carefully selected at which level of detail the model has to be made. 


The models should have reasonable steady state solution to the system, but for control 
 purposes the important factor is the dynamic response where transfer functions and state 
 space formulations are frequently used. To improve simulation accuracy nonlinear 
 dynamical models are to be developed.  


The models developed in this project will be made in the Matlab©Simulink environment. It is 
 based on the block diagram formulation principle, and has many built-in blocks, both linear 
 and non-linear in an intuitive interface. 



2.4.2  Experimental  


To provide reasonable accuracy for the system models, experimental characterization of the 
system components should be performed. A fuel cell and reformer test rig should be 
developed with associated control and data acquisition system. The rig should be able test 
as well transient as static performance of the system components and should be able to 
simulate the interaction between the fuel cell and the reformer system. 
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