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Abstract





A demonstration project will be presented using a 5 kW Solid Oxyde Fuel Cell for residential application in the region of Liθge, Belgium.


The current stage of the project is to evaluate the thermal management of a single house with, at the present time, 45 MW.h (thermal 25 MW.h, electrical 20 MW.h) annual consumptions. The changes needed from a classical gas boiler heating of 20 kW to a 6 kW (thermal) plus 5 kW (electrical) system will be studied and detailed.


Evaluation of CO2 reduction in the two systems will be presented considering the Belgium mix of electricity production.


The heat and electricity local storage to cover peak demand in both energy demands will be discussed in relation with a grid-connected fuel cell.


In particular the detailed analysis of this home demand will be analysed for the last three years.


An original thermal circuit will be proposed, including its regulation. The experimental result of the behaviour of our proposal during 2003-2004 winter will be presented using a “virtual” SOFC (actually replaced by “equivalent” 6 kWth boiler) which is intended to be used in the same environment after this testing period. Constrains related to SOFC typical behaviour will be taken into account in our proposal for regulation.


Depending on our development, it may be possible that up-to-date results may be given at the conference with a real system using a true SOFC 5 kW which would be in service after Septembre 2004.








Introduction





Nowadays, in residential accommodation, the usual system for central heating in Belgium consists of a boiler with or without heat exchanger for sanitarian hot water.  It generally consumes Fuel-Oil or Natural Gas [1].  The other major part of the energy bill is the electricity taken from the grid.  It is produced by means which have a more and more doubtful long term viability.  Fuel cells could be an alternative to solve this problem.  Its main advantages reside in the conversion of hydrogen into electricity and heat with a good efficiency and low level of noise.  As the electricity produced with the fuel cell is assumed to replace the production of the most polluting mean (which should disappear in first), it seems realistic to expect CO2 non-negligible savings by replacing a part, the whole or more� than these energetic consumptions at the residential level.


The major challenge of this demonstration project consists in the replacement of a 20 kW heating power source by another one that is the third as powerful, without altering the comfort level of the inhabitants.  These considerations lead to the need for thermal storage in order to reproduce the particular nocturnal management.  A prediction of the temperature will be needed too.


Waiting for the FC availability, the analysis of measurements, performed on the energetic consumptions and several revealing temperatures, gives important information on the way this could be managed.








Potential CO2 Savings





CO2 estimations are based on official emission factors [3].  The value of such factors depends on the combustible that is used but also includes the efficiency of the system that converts it into its usable form.


For example, the emission factor related to NG combustion = 251 kgCO2/MWh.  Following, the emission factor for thermal energy = 340 kgCO2/MWhq and for the electrical one = 456  kgCO2/MWhe�.


The official theoretical savings are given on figure 1 which puts into evidence the critical influence of the FC thermal and electrical efficiencies.


According to this, the best improvements are done by replacing electricity rather than thermal production.


�
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Figure1 : Influence of FC efficiencies on potential CO2 savings





The condition for making savings can be represented by equation [E1].  This uses the thermal and electrical efficiencies relative to the FC and the official reference taken for the calculation of the primary emissions.


( ηth,FC / ηth,Ref ) + ( ηel,FC / ηel,Ref ) – 1 > 0		[E1]


The moment for the starting and shutting down of the central heating fuel cell system should be chosen carefully.








Potential Energy Replacement  [2, 4, 5]





In our case (residential level in Belgium), the annual average amount of energy is divided nearly in equal proportion into electrical and thermal.  Nevertheless, most of the thermal needs occurs during winter times and, in summer, needs are essentially electrical.  For such an application (residential), the thermal to electrical efficiency shift would permit the FC to follow the demand all along the year in the ideal conditions defined by full utilisation of the energy produced by the cell and limitation to the production needed for the house only.  Transients (essentially electrical and thermal for some specific management) will require the use of electrical and, sometimes, thermal storages (batteries and water tank).


In colder days, the conversion can be easily performed (with a good efficiency) by, for example, an auxiliary electrical heating system for the rooms or a resistor in the water tank.


In summer, according to present limitations in the electrical part of the FC production (in the FC park, about 55% for best efficiencies), a certain amount of thermal production will be in excess (as the electrical needs become higher than the thermal ones).  If the thermal energy in excess can not be stored and is thrown back to the atmosphere, the system will be exploited at a lower (thermal) efficiency than the optimal.


This leads us to hope for a better electrical efficiency (keeping the same global one).  That would allow us to keep the system longer in use while still improving the CO2 emission level.  Higher thermal needs (than only sanitarian hot water) in summer times (swimming pool, dishwasher,…) would also lead us to improved relative savings, but by increasing the thermal consumptions. 








Measurements and Storage Volume





Since December 2001, the energetic needs have been measured and stored as 15 minutes average.  This database gives important information about the way the new system will have to transmit energy to the building.  It also allows us to determine the thermal power that will be needed as well as the volume of water the tank should contain.


For the continuity from one day to another, we will first consider the time period for charging/discharging of the water tank.  If thermal energy could be stored from summer to winter times, this period would be ‘one year’ ; the volume of water needed for the storage would be gigantic and the system would never need to be stopped.  So, it appears that a 24h period reasoning gives simplicity and feasibility for storage (acceptable losses, easy comparison,…).  According to that, it seems reasonably logical for periods to be multiples of 24h (day cycle).  Then, the criterion for the determination of the thermal power level the system will require, can be written as follows : The power of the source needs to be, at least, equal to the maximum 24h-average (or multiple of 24h) thermal power that had been needed in winter.


Considering the storage, the volume of water can be deduced using the cumulative consumptions diagram (figure 2) [3].  Starting from arbitrary time, this theory compares the max difference (occurring at time “tS,M”, see figure 2) between the cumulative/consecutive consumptions and the cumulative/consecutive productions.  This value is the one to consider for the dimensioning of the tank.
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Figure 2 : Evaluation of the storage energy by the consecutive asks curve





The slope of the consecutive productions curve depends on the (FC) power.  For our application, a more accurate evaluation of the (daily) energy to store will base this slope on the average power required all day long.�


Depending on the variability of the consumptions, the price of the elements (FC and Tank), the possibility of heating with auxiliary power sources,… it may be possible to use a lower power source or a lower volume for the storage tank.  Nevertheless, we should remark that this need for storage comes from the particular thermal managing consisting in reducing (from ~ 23°C to ~ 16°C) the inside temperature set point during the night.  Obviously, the volume of storage decreases as the max thermal power source increases.


If the indoor temperature set point is kept at 23°C during the night too, the need for storage can be avoided or, at least, reduced to its minimal volume.


These thermal considerations can be transposed to electrical ones by replacing the tank by batteries.





The ways to reduce thermal storage volume requirements� are :


lowering the power available for heating (loss of comfort) ;


Increasing the value of the nocturnal temperature set point (loss of energy) ;


Reduce (or suppress) the nocturnal mode duration (loss of energy) ;


Restrain the set point temperature hysteretic boundaries (sensor limitations in terms of accuracy and relevance, plus low interest, plus increase auxiliary electrical consumptions, for Balance Of Plant) ;


Allow higher debts in the pipes (needs for calculations and implementation ; increases the noise, constraints and wearing ) ;


Allow higher temperature for storage (physical, technical and economical limitations) ;…





The major measurements are represented in the following pictures.  Figures 3 and 4 (resp. 5 and 6) show typical thermal (resp. electrical) demand.  The 3 and 5 show Ό-hourly averages on daily scales ; the 4 and 6 show daily averages on yearly scales.


Similarly, figures 7 and 8  relate to inside temperatures and figures 9 and 10 to radiators inlet temperature.


These figures also include the average outdoor temperature (in green) with its reference on the right axis.
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Figure 3 (left) : Typical Ό-hourly average thermal power (central heating : brown ; sanitarian hot water : red) ; 3rd and 4th of January 2003


Figure 4 (right) : Typical daily average thermal power (central heating only : brown ; sanitarian hot water included : red)
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Figure 5 (left) : Typical Ό-hourly average electrical power ; 3rd and 4th of January 2003


Figure 6 (right) : Typical daily average electrical power
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Figure 7 (left): Typical Ό-hourly average indoor temperature (reference room) ;


3rd and 4th of January 2003


Figure 8 (right): Typical daily average indoor temperature (reference room)
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Figure 9 (left): Typical Ό-hourly average central heating water temperature ;


3rd and 4th of January 2003


Figure 10 (right) : Typical daily average central heating water temperature

















Hydraulic Experimental Installation





The functionalities (“modes”) to be ensured by the system are the followings :


Central heating while discharging heat storage (considered as auxiliary   power) ;


Sanitarian water heating with auxiliary ;


Heat storing ;


Heat evacuation (Security mode).


The figure 11 shows the hydraulic scheme which will allow us to get the expected result and more.  The elements added to the old system are :


The fuel cell : FCT, 5kWel, 6kWth SOFC system with its gas to water heat exchanger ;


The water tank : 1,5 m3 water at 40-90°C ;


Sanitarian water heating system :


23kW heat-exchanger (heating water to sanitarian water) ;


3 kW electrical resistance ;


Expansion vessel (as the volume of water involved increases) ;


Filter ;


Valves ;


Standard overpressure security systems ;


Sensors.
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Figure 11 : Hydraulic installation





For the regulation, an automatic system (“TBox”, remote control programmable unit) will pilot the two circulators and adjust the flow distribution within the lower three-way valve.


These elements will allow us to adjust the debt and temperature in the dissipating branch (radiator / sanitarian water). 


Shifting from one “mode” to another is ensured thanks to the three two-way and the two three-way valves.


All Temperatures and debts are measured and some are used in the regulation algorithm.





Power Management  [ 6]





We have chosen to use the system in the heat-piloted configuration and we will need for an average daily simplified weather forecasting for the anticipation of the heat storage needs.


Some optimisation aspects are limited by the uncontrolled and unpredictable variability of the weather conditions and human behaviours.


In order to keep the comfort level as close as possible to the former, we’ll first try to reproduce the current management.  For that, energy will be stored during the night (as indoor set point has shifted to nocturnal) and released in the morning (as set point meets its daily value).


During the night stopping, the power will be adjusted in order to reach a desired energy level in the tank (depending on forecasting).  This is represented on the figure 12.
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Figure 12 (left) :  Thermal energy to be released vs. average outdoor temperature


Figure 13 (right) : Thermal power vs. average outdoor temperature and influence of the temperature in the tank





During the day, the power will be managed in order to maintain the temperature of the storage around a desired value.


If the tank’s temperature reache this ideal value, the fuel cell power will follow the outdoor temperature�.  The law associating the heating power requirement to this temperature has been calculated from last year’s measurements (linear regression).  The temperature in the water tank is taken into account by linearly increasing (resp. decreasing) the power as the temperature drops (resp. rises), see figure 13.


So,	During the night : 	P = (Weather forecasting, storage temperature)


	During day times :	P = (Text, Ttank)


�
General Conclusions





About CO2 savings : The minimum total efficiency required for the system is from 55% (in case of electrical replacement only) to 74% (for thermal replacement only).  These values correspond to the reference electrical and thermal efficiencies (CWaPE).  The maximum theoretical savings are situated between 26% and 45% (respectively, for electrical only and thermal only substitution).  In addition, it will become harder to carry out savings as the outdoor temperature will increase (in summer times).  


The best is to improve the electrical production and to save the max amount of thermal energy to reach the best efficiency.


About measurements : For now (and from November 2001), the max daily average thermal power equals 7,9 kWth and corresponds to the 10th of January 2003�.  The yearly average thermal power is about 2,6 kWth ; the total energy over the year 2002 reaches 21 500 kW.hth and is about 2800 kW.hth less than over the year 2003.  Electrical consumptions give 7,7 kWel for max daily average (16/12/2002�) and the total consumption of year 2002 is equal to 20 200 kW.hel (1300 kW.hel less than 2003).  This leads to about 2,4 kWel average over the year.


We opted for a power source that could produce 6 kWth (vs. ~8, by calculations) and a 1,5 m3 insulated water tank to store the heat (vs. ~1,7 m3).  These took into account the price of the fuel cell (quite expensive) and the tank (whose standard stops at 1,5 m3) and also the need for thermal auxiliary in case of very cold outdoor temperatures.


About Hydraulic Installation : The system that has been chosen is convenient for all the required functionalities.  It also allows the direct alimentation of the heating system and auxiliary heating by electrical resistors in water tanks.


The elements are quite expensive.  The major part of the price comes from the fuel cell.


About Power Management : This management, tested on the measurements (from 12/2001 to 04/2004) showed good performances even in difficult conditions (low maximal power and relatively high minimal power).  The criteria for performance evaluation are :


Regularity in power variations


Needs for auxiliary heating system


Needs for thermal rejection (if tank is too hot) ;


It’s better to keep the tank’s temperature at a lower level.


These considerations tend to optimise CO2 savings, comfort level for the inhabitants and/or the costs of the application.  These objectives requiring different managements would lead to compromises.


�
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« Green Family » Project











� Meaning to produce energy for neighbour(s).


� These values relate to an average value (in Belgium) for thermal or electrical energy production.


� Because the FC management that we have chosen leads to works better at average power than with on/off periods characterized by maximal and minimal power (FC limitations)


� …after replacement of a heating power source by a weaker one…


� Power increasing as the outdoor temperature decreases.  The power should follow the losses, in fact.


� This could be  observed after 3 days at average outdoor temperature = -6°C.


� This was due to abnormal nocturnal behaviour.  Electrical auxiliary heating system was used as the boiler was stopped.
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