
Introduction

The previous REHVA Journal article “Micro-Combined 
Heat and Power (Micro-CHP) Appliances for one- or 
two-family houses for more energy efficiency” [1] de-
scribed the common technologies “Stirling Engine”,” 
Internal Combustion Engine” and “Fuel Cell” with the 
help of available CHP-units. With this article the au-
thors would like to discuss their experience with a fuel 
cell-based micro-CHP Unit that is highly efficient in 
terms of electrical output. This experience was gained 

during research work at the laboratory of heating tech-
nology at Cologne University of Applied Sciences [2]. 
Some of the findings were already presented in 2012 
([3] and [4]).

The Tested Fuel Cell Unit
Figure 1 shows the test arrangement of the investigated 
fuel cell unit. This unit is called BlueGEN and is man-
ufactured by CFC Ltd. an Australian-German compa-
ny. It simultaneously generates heat and power. On the 
electrical side it is connected, in parallel, to the public 
grid in order to export power or obtain power. On the 
fuel side it is connected to the public natural gas grid. 
A heating water circuit delivers the generated heat from 
this fuel cell unit directly to the connected 680 L heat-
ing water buffer tank displayed below. The thermal per-
formance of this unit is being tested by buffer tank heat 
loading via the fuel cell unit and the heating water cir-
cuit. Figure 2 shows the schematic depiction of how the 
test arrangement works.

Electrical Performance
Several fuel cell stacks have been tested. Figure 3 shows 
the data for the tested fuel cell unit after a new fuel cell 
stack was installed after roughly 9 800 hours of opera-
tion. The electrical export of this fuel cell has been set 
at a constant value of 1 500 W from the beginning. 
With a fuel input of around 2.5 kW the power was 
generated with an electrical efficiency of around 60%, 
see also the calculation. Due to degradation of the fu-
el cell, the gas input has to be increased after approxi-
mately 2 000 hours in order to maintain 1 500 W of 
power export. After 6000 hours of fuel cell operation, 

Figure 1. The test arrangement of the BlueGEN natural 
gas fired fuel cell-based CHP unit manufactured by 
Ceramic Fuel Cells. Data sheet performance: 0.5–1.5 kW 
electrical output and 0.3–0.54 kW thermal output. The 
heating water buffer tank is oversized for test purposes. 
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2.67 kW of fuel input are required to achieve the same 
output and the electrical efficiency has decreased to a 
value of around 56%.

Calculation of the electrical efficiency ηel of the fuel cell 
unit:

 

where
: Net power (AC) to grid

: Flow rate of fuel (standard conditions)

: Lower heating value for this test arrange-
ment ≈ 9.1 kWh/m³ (standard conditions)

Figure 2. schematic depiction of the test arrangement presented in figure 1. The fuel cell unit began to be oper-
ated in the laboratory of heating technology on october 10, 2011, it had previously been in operation for 150 hours. 
In the meantime the unit has been tested for more than 16 000 hours of operation. a number of high temperature 
solid oxide fuel cell stacks have been installed for test purposes during this time. additional details regarding this 
fuel cell unit can be found in [1].

Figure 3. Electrical performance of the fuel cell unit to-
gether with a newly installed stack that started working 
at “a” and was taken out of operation at “B”.
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The development of the stack’s efficiency from the first 
hour of operation at “A” to “B” has been quantified as 
follows:

 

 

Figure 4 demonstrates another one of the fuel cell stacks 
that was installed and tested for over 3 000 hours from 
“A” to “B”. Here the focus of the test was on the part 
load capability of the fuel cell stack for the following lev-
els of exported power (AC): 0.1 kW; 0.3 kW; 0.5 kW; 
0.7 kW; 0.9 kW; 1.0 kW; 1.1 kW and 1.3 kW.

These tests were rather stressful for this newly installed 
fuel cell stack. Hence, after around 700 hours of opera-
tion, the new stack (“A” + 700 hours) already required 
increasing fuel input in order to maintain 1 500 W of 
power export. At “B” this fuel stack required 2.78 kW 
of natural gas for 1.5 kW of electrical output, which 
equates to an electrical efficiency of 54%. The decrease 
of the performance of this fuel cell was faster than that 
of the fuel cell in figure 3 because of degradation along 
with the various part load operation levels to which it 
was subjected.

Figure 5 displays the part load efficiency versus the net 
power (AC) export for the time range “A” to “B’ ” in 
Figure 4.

The higher the power export of the fuel cell unit, the 
higher the electrical efficiency of the fuel cell. The curve 
of figure 5 is described by the following equation:

ηel = 

In order to achieve optimal electrical efficiency and to 
reduce stress on the fuel cell, the unit should always 
be operated at a constant level of 1.5 kW power (AC) 
export.

Thermal Performance at 1500 W net 
power (AC) export
The thermal output of the fuel cell unit has been meas-
ured in a very practical way (thermocouples in ther-
mowells in the heating water loop between the fuel cell 
and the heating water buffer tank, thermocouples di-
rectly in the exhaust gas and an electromagnetic flow 
meter to measure the heating water loop flow rate), see 
figures 1 and 2. The thermal loading process of the 
buffer tank is very slow because the water loop flow 
rate is only 120 litres per hour (manufacturer’s recom-
mendation) between the fuel cell unit and the 680 L 
buffer tank.

The thermal performance of the fuel cell has only 
been tested at 1 500 W power (AC) export because 
electrical efficiency for this fuel cell unit is highest 
under these conditions. Figure 6 displays the exhaust 

0.1177 · (Pel,Export)³ – 0.542 · (Pel,Export)² + 0.9257 · (Pel,Export) + 0.02220.1177 · (Pel,Export)³ – 0.542 · (Pel,Export)² + 0.9257 · (Pel,Export) + 0.0222

Figure 4. Electrical performance of the fuel cell unit to-
gether with the first installed stack that started working 
at line a and was taken out of operation after line B.  
Note: Experimental data registered by the unit’s power man-
agement system and provided by the manufacturer.

Figure 5. Electrical efficiency of the fuel cell unit versus 
the net power (aC) exported to the grid for the range 
of a to B’ in figure 4. Note: Experimental data generated by 
the unit’s power management system and provided by the 
manufacturer.
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gas, supply and return temperatures of the fuel cell 
unit versus time during the thermal loading of the 
buffer tank by the fuel cell unit (see also Figure 2). 
Starting the loading process with a return temperature 
of around 17°C from the buffer tank, the fuel cell unit 
requires around 2 800 minutes to heat up the supply 
heating water to around 47°C; by this time the return 
heating water reaches a temperature of around 44°C. 
No further increase in the temperatures will take place 
because, from this point on, the thermal output of the 
fuel cell unit only serves to compensate for the heat 
losses of the heating water loop and the heating wa-
ter buffer tank.

The fuel cell unit generates temperature differences 
of 6 K at the beginning of the loading process, which 
gradually fall to 3 K at the end of the loading process. 
Figure 7 demonstrates a very close relationship between 
the temperature of the return heating water and the tem-
perature of the supply heating water when leaving the 
fuel cell unit.

In Figure 8 the data from Figure 6 have been used to 
calculate the heat export of the fuel cell versus the return 
heating water of the buffer tank. These results clearly il-
lustrate that the lower the temperature of a heating water 
buffer tank, the higher the thermal benefit that results 
from the fuel cell unit.

The example illustrated in Figure 8 indicates that in or-
der to achieve 500 W of thermal output from the fuel 
cell unit, the returning heating water of the hydronic 
system should not exceed 40°C. 

The thermal efficiency ηth can be calculated in a manner 
similar to the electrical efficiency mentioned above.

 

where
: Thermal output to the system

: Flow rate of fuel (standard conditions)

: Lower heating value of this test arrangement 
≈ 9.1 kWh/m³ (standard conditions)

Figure 6. Measurement of the thermal performance 
of the fuel cell unit by means of thermal loading of the 
680 L heating water buffer tank (see also figure 2). Fuel 
INPuT = 2,6 kW for the fuel cell unit.

Figure 7. Measured temperatures from figure 6 plotted 
here against the return temperatures.

Figure 8. Thermal export of the fuel cell unit versus the 
return temperature of the heating water from the heat-
ing water buffer tank. This result has been derived from 
the data in figure 6.
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For the example presented in Figure 8 this means:

      

Or for the total energy efficiency of this example:

      

      

Figure 9 shows ηtot, ηel and ηth for the whole range of data 
from Figure 8 versus the returning heating water of the 
hydronic system (buffer tank). The electrical efficiency is 
not influenced by the return temperature but the lower the 
returning heating water, the higher the total efficiency.

Lessons learned
The BlueGEN fuel cell CHP unit manufactured by 
Ceramic Fuel Cell Ltd. that was tested achieved an 
electrical efficiency of around 60% when it is new 
and when exporting 1 500 W net power (AC). This 
represents its peak efficiency and is outstanding. 
Degradation reduces the electrical efficiency during 
the time of operation. When the unit is constantly 
operated at peak efficiency, degradation reduces the 
electrical efficiency from 60% to 56% after 6 000 
hours of operation. Electrical part load operation 
leads to additional reductions in electrical efficiency 
by subjecting the fuel cell stack to stress, thus further 
accelerating the loss of electrical efficiency over the 
long term.

The thermal output of the fuel cell depends on the return 
temperature of the heating water from the connected 
hydronic system (heating water buffer tank).  The lower 
this return temperature, the higher the thermal efficien-
cy of this fuel cell. Operation at peak electrical efficien-
cy and return heating water temperatures of 35°C from 
the connected hydronic system lead to a total efficiency 
of around 81% (LHV). Under these conditions, the net 
power (AC) export of the fuel cell is 36 kWh per day, or 
13 140 kWh per year, with a simultaneous thermal out-
put of 14.5 kWh per day, or 5 290 kWh per year, when 
providing supply heating water temperature of 39°C. 

Figure 9. Electrical, thermal and total efficiency of the 
tested fuel cell unit derived from the data in Figure 8.
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