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Abstract

Increasing electricity requirements in the residential sector open up a possible market for small cogeneration
systems. A system of this type can be based on new, highly efficient technology such as high temperature fuel
cells. Mathematical modeling is a low cost and effective method for analyzing possible operation strategies
and commercial results for the system. The objective of this paper was to present the simulation results of
operation of a micro CHP system based on an SOFC in Polish circumstances. The model of an SOFC-based
micro-CHP system was developed. Based on this model a technical and commercial analysis was performed.
The results of sensitivity analysis established SOFC performance variation with changes in the prices of
utilities. The optimum micro-CHP system was found to be 1 kW.
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1. Introduction

Modeling is a key stage in new technology de-
velopment. Micro combined heat and power sys-
tems based on a solid oxide fuel cell appears very
promising technology. Krist in his work [1] shows
the possible advantages of a fuel cell system as a
combined heat and power installation as well as
the requirements such systems have to withstand.
Krist highlights the high power generation efficiency,
low emissions and low noise characteristics as the
main advantages of fuel cells systems. In the work
of Slowe a possible market for micro-CHP sys-
tems was presented. It also underlined that to date
fuel cell projects have stayed at the developmen-
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tal phase while the growth market in micro-CHP
units is mainly based on internal combustion en-
gines [2]. The results of SOFC-based micro-CHP
systems present in the work of Hawkes et al. [3],
Wakui et al. [4] and Braun [5, 6] vary according to
the assumptions made of heat and electric require-
ments, prices of gas and electricity as well as con-
figuration of system [7] and [8] show the problem of
control strategy for fuel cells, an issue which is not
discussed in this paper. The main objective of this
work was to examine the work of an SOFC-based
micro combined heat and power system in Poland.
This work includes: a sensitivity analysis on fuel and
electricity prices, the impact of investment cost on
the commercial result and analysis of tank size on
system operation.

The mathematical model of a CHP system was de-
veloped and solved using EES software. This soft-
ware was used for solving mathematical equations
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Figure 1: Schematic of the heat recovery system of an SOFC-
based micro-CHP

and description of system work. The EES results
show the performance of an SOFC-based micro-
CHP system. The model gives the amount of elec-
tricity and heat produced in every hour of the year
and addresses other factors concerning the CHP such
as CO2 emissions and efficiency. Commercial and
technical system evaluations were made based on the
results.

2. Modeling

The model was divided into two subsystems: a
SOFC power module and a waste heat recovery sys-
tem. The model of the SOFC power module was
based on previous work [5, 6]. This work was con-
centrated on the SOFC-based micro-CHP technol-
ogy development of the heat recovery system model
depicted in Fig. 1 and on analyzing system perfor-
mance.

The heat recovery system was a closed loop sys-
tem supplied with demineralized water. The use of
demineralized water was essential to avoid silica,
calcium chloride and magnesium salt deposition at
temperatures above 60◦C [9].

The recovered heat was stored in a heat accumu-
lator or used by households. In the design the water
is heated to 95◦C by hot exhaust from the SOFC and
cooled to around 30◦C in two heat exchangers. Addi-
tional heat requirements were covered through a gas
boiler. The gas boiler was connected to the enclosed
loop of demineralized hot water and was used only
to supply households with heat in the case of a defi-
ciency in heat production from the CHP system. The
considered model was a steady state model based on
a 1-hour average step. In addition, for better under-
standing of the SOFC-based CHP system, the time
step was changed to 15 minutes. The purpose of this

Figure 3: Capacity factors for different sizes of system: (a) lit-
erature data [10, 11] (b) experimental data

change is explained later in this paper. The math-
ematic model assumed constant temperature before
and after the heat exchangers and the amount of heat
provided by system depends on mass flow of water
in the heat exchangers.

Key factors are presented in Table 1 below. These
coefficients were used to rate the micro-CHP system
with SOFC.

The SOFC micro-CHP model results were based
on two different load requirements. One of the mod-
els of requirements was made based on the litera-
ture [10, 11]. The other model of requirements de-
rived from observed energy usage in a standalone
family house, as described later in the paper as ex-
perimental requirements. Load requirements consist
of electricity requirements, heat demand and cooling
demand for a single family household in Poland.

3. Results

Examples of seasonal change in electricity re-
quirement and electricity generation of 0.5 and 3 kW
systems are shown in Fig. 2. The presented exam-
ples of systems performance are based on two days
in the year, one during the heating season and one in
summer. This example helps to describe the work of
the SOFC-based micro-CHP unit on the experimen-
tal requirements.

The problem of selecting the FC size appropriate
for a household is evident in Fig. 2. Electrical re-
quirements change during the day, making it almost
impossible for a single-size FC to fulfill all require-
ments. A small fuel cell works well more often, but it
is unable to meet all the needs of a residence. To se-
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Figure 2: SOFC work patterns for 0.5 and 3 kW systems
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Table 1: Factors used in the paper and their equations

Factor contrac-
tion

Equation

Electric capacity factor of the SOFC CFelec,S OFC CFelec,S OFC =
total electricity generation

total theoretic electricity generation

Electric capacity factor of the
household

CFelec CFelec =
total electricity provided

total electricity requirement

Heat capacity factor of the SOFC CFth,S OFC CFth,S OFC = total heat recovered
total theoretic heat recover

Heat capacity factor of the
household

CFth CFth = total heat recovered
total heat requirement

Thermal-to-electric ratio T ER T ER =
total heat generation

total electricity generation

Electric efficiency ηelec ηelec =
electricity

energy in f uel (LHV)

System efficiency ηsystem ηsystem =
electricity+heat

energy in f uel (LHV)

Cash flow in “i” year CFi
CFi =

∑
cost o f based installation

−
∑

cost o f consider installation + O&M
Net present value NPV NPV =

∑n
i=1

CFi

(1+r)i

Figure 4: TER of an SOFC-based micro-CHP for: (a) literature
data [10, 11] (b) experimental data

lect the best size of a SOFC system the author used
CFelec and CFth. The results of CFelec and CFth
can identify what the possible optimum fuel cell size
is. Moreover, the fuel cell capacity factors are shown
in Fig. 3. A comparison of these factors for two dif-
ferent load assumptions is shown in Fig. 3.

A comparison of all values of capacity factors for
the house show that the optimum size of a CHP unit
is around 2 and 3 kW. Systems of comparable size
have the highest electric and thermal capacity fac-
tors. In closer analysis the maximum thermal capac-
ity factor for the house is between a 1 and 2 kW
system, which is still close to the optimum estab-
lished earlier. Analysis of Fig. 3 shows that bigger
changes are apparent between electric capacity fac-

tors than thermal capacity factors. This fact makes
CFelec (Table 1) more important in the search for
the optimum since the effect on system performance
is greater. The reason for that is the higher exergy of
electric power compared to heat power. Moreover,
the ratio of used electric power to potential genera-
tion is at its highest for the smallest units. The task
of determining the optimum size of the SOFC-based
micro-CHP is very complex. Other factors are very
helpful in adjusting the installed power. The result of
the thermal-to-electrical ratio (TER) is a key tool in
determining the right size SOFC-based micro-CHP
system. The TER is shown in Fig. 4.

Analysis of the thermal-to-electric ratio of the
micro-CHP system shows that, in general, the system
generates more electricity than heat power. How-
ever, the household requires more heat than electric
power. The TER varies according to the size of the
analyzed fuel cell system. This is an effect of SOFC
electrical efficiency. The big difference between the
TER of a system and the TER required by a house-
hold causes problems in determining the right size
fuel cell. Moreover, the comparison of TER for sys-
tem and household explains the low CFth (Table 1).
It shows that the thermal energy produced is lower
than the electrical energy and, since the system fol-
lows the electrical requirement, the total amount of
heat generated is small.
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Figure 5: CO2 emissions reduction through an SOFC-based
micro-CHP unit

In conclusion the SOFC-based CHP system pro-
duces more electricity than heat. The total electricity
covers up to 85% of household requirements in the
best case scenario. Moreover, all the generated heat
is used by a family house. Less than 20% of the heat
requirement is covered. Results of this kind are satis-
factory since electric power is a more valuable source
of energy.

Other parameters were checked in the process of
system analysis and search for an optimum, to wit:
reduction of CO2 emissions, achieved electrical effi-
ciency and system efficiency based on LHV. Another
very important factor for a commercial system is its
economic rating. Fig. 5 illustrates the CO2 emissions
results. The CO2 reduction depicted is the difference
between: (i) emissions generated through an SOFC-
based CHP system, (ii) CO2 production from average
grid electricity emissions, and (iii) CO2 originated
from family house heating.

The CO2 reduction is greater for a 2–3 kW fuel cell
system micro-CHP due to its high efficiency elec-
tricity generation, which is at its peak for 2–3 kW
units. The CO2 reduction results show that combined
heat and power generation is environmental friendly,
since all of the examined units achieved CO2 reduc-
tion. Since the larger units produce more energy,
they also have bigger CO2 reduction. The lower CO2

reduction achieved by the 5 kW and 3 kW systems
based on experimental data is caused by lower sys-
tem usage due to the turndown ratio: the more effi-
cient the system, the greater the CO2 reduction. This
causes a shift in the optimum size of the CHP system
to slightly bigger systems than would be assumed in

Figure 6: System efficiency and electric efficiency of (square)
literature data [6, 9] (triangular) experimental data

Figure 7: Comparison of NPV results

the case of an optimum based on CF values. The
electric efficiency of the SOFC micro-CHP system
increases with system size. Electrical efficiency and
overall system efficiency are shown in Fig. 6.

High system efficiency is aided by high heat de-
mand. High heat demand makes it possible to use
most of the energy in the fuel. The electrical effi-
ciency increases, because fuel cells enjoy higher ef-
ficiency at partial load. System efficiency results of
about 87% are high and are in agreement with the
theory. Moreover, achieving such high results makes
SOFCs very interesting and a better prospect than
natural gas technology. The range of system effi-
ciency of 87.3–88.7 enables one to choose between
various sizes of fuel cell.

The NPV results for two sets of data are presented
in Fig. 7.

The results in Fig. 7 show that the SOFC-based
micro combined heat and power system considered
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Figure 10: Total heat and electricity generation through the
SOFC-based micro-CHP system

literally falls off the scale from the commercial point
of view. The decreasing NPV with fuel cell size
above 1 kW is caused through the low capacity fac-
tor of the system. The lower NPV for the 0.5 kW unit
than for 0.75 and 1 kW is caused by the much higher
investment cost per kW.

After considering all factors, it was decided that
1 kW was the optimum SOFC-based micro-CHP sys-
tem, since it is very effective, has a good TER factor
and satisfactory CF values. Moreover, these systems
are the closest to being commercially viable.

The SOFC-based micro-CHP system model was
also based on 15-minute average load requirements.
Rapid changes in real-life household electricity us-
age and heat consumption drove this analysis. To
make the simulation more realistic the 15-minute av-
erage time step was selected. The comparison of
these two different averages was made based on re-
quirements from the experiment. The difference in
work of an SOFC micro-CHP system is shown in
Fig. 8.

Fig. 8 clearly shows that the 15-minute average re-
quirements are more dispersed. This gives slightly
different results for total power generation through
the year. The exact difference in performance can be
seen in the comparison of technical factors, such as
CFth and CFelec. Fig. 10 presents a comparison of
heat and electricity total generation.

Fig. 9 shows requirements and electricity produc-
tion from the SOFC for both 15-minute and 1-hour
averages. These figures help explain the difference

in heat and electricity generation between 15-minute
and 1-hour averages.

Differences arise due to the two approaches of av-
eraging requirements. Fig. 8 shows why the gener-
ation of electricity varies between different average
bases. Fig. 9 shows the difference between work
based on 15-minute and 1-hour averages. Neverthe-
less, it is hard to determine in which case electricity
and heat production is smaller or greater. The dif-
ference between 15-minute and 1-hour averages is
shown in Fig. 10, through the total electrical gener-
ation and heat production of an SOFC-based micro-
CHP system.

In Fig. 10 it is shown that electricity generation
differs between the chosen average requirements.
This is caused by the match of possible system
electricity generation to the assumed household de-
mand. Moreover, maximum electricity generation
varies between considered requirements. In Fig. 10
also shows a comparison of heat generation based on
1-hour and 15-minute averages. Heat power genera-
tion is similar in both options. The comparable heat
generation is due to maximum heat recovery by the
household. The differences are driven by electric-
ity generation, since the fuel cell system follows the
electrical load. This result was expected since, in the
considered household, the use all of provided heat
from the fuel cell system and heat generation is di-
rectly proportional to the electricity production.

The heat generation results based on the 15-minute
average show that in the case of big changes in elec-
trical load a heat accumulator is needed. This is
confirmed through the comparison of heat genera-
tion and electricity generation curve in Fig. 10. Elec-
tricity generation increases with system size while
heat generation achieves a maximum with the 2 kW
SOFC.

4. Sensitive analysis

A sensitivity analysis of the system was made
based on the variation of fuel cell stack price, pre-
sented in Table 2. The price of the heat storage tank
was assumed to be 685 PLN [13].

The sensitivity analysis was also based on the
changing cost of electricity and fuel, presented in Ta-
ble 3.
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Figure 8: Work of an SOFC system based on 15-minute and 1-hour averages
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Figure 9: The monotone figure of an SOFC-based micro-CHP unit, with example difference in electricity generation
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Table 2: Cost of fuel cell [12]

Fuel cell power,
kWe

Based cost of fuel cell,
PLN/kWe

0.5 8275
0.75 6484
1 5578
2 4184
3 3678
5 3227

Table 3: Fuel and electricity prices [14–18]

Gas price

Fuel price, PLN/m3 1.2741
Constant price, PLN/month 56.50

Electricity price

Electricity price, PLN/kWh 0.6099
Constant price, PLN/month 61.22

A discount rate of 8% was assumed for this com-
mercial analysis. The NPV (Table 1) indicator was
counted for 15 years of operation. The results of
this analysis determine whether the considered sys-
tem can deliver a positive commercial result. More-
over, system performance was checked for variation
according to different size heat accumulators. A sen-
sitivity analysis was performed for the experimental
data with the 1-hour average. Fig. 11 presents the
results of change of investment cost.

Fig. 11 shows the impact on the NPV of a sys-
tem for different size micro-CHP units based on per-
centage changes in the investment cost of the SOFC.

Figure 11: Results of a sensitivity analysis on the change in
investment cost

Figure 13: Sensitivity analysis of changed size of heat accumu-
lator

It is shown that the differences are greater for 3–
5 kW systems. This is caused by the lower impact
of the investment cost on the NPV indicator for big-
ger SOFC-based CHP systems. Furthermore, greater
possible savings on electricity and heat create a big-
ger difference in the NPV indicator. Moreover, 3–
5 kW systems have higher electrical efficiency, as is
presented in Fig. 6. The NPV results across a range
of investment cost show that a small system has pos-
itive commercial results if the investment cost is re-
duced by 25%.

Fig. 12 shows the impact of price change. The
analysis was made for two different options. In the
first option the prices of electricity and natural gas
change by the same percentage. The second shows
the change in electricity price according to the ex-
pectations of the Polish Economy Ministry [19].

The presented results are very optimistic since
they show that higher gas and electricity prices make
the system more commercially viable. Moreover,
they show that based on the official forecast prices
of electricity [19] 0.75–1 kW systems already have
positive commercial results (see Fig. 12b).

Fig. 13 shows the effect of a size change of the
heat accumulator on the technical performance of the
SOFC-based micro-CHP unit.

Analysis of the results presented in Fig. 13 shows
that the size of the heat accumulator has almost no
bearing on the heat recovery results. The negligi-
ble effect of accumulator size on the system’s techni-
cal performance is caused by the large heat require-
ments. This means that all of the heat generated
by the SOFC is immediately used in the household.
Moreover, a system without a heat accumulator is
cheaper and hence has a shorter payback time. On
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Figure 12: Results of a sensitivity analysis on the change of (a) electricity and heat cost and (b) just electricity cost

the other hand, the results of the 15-minute average
work suggest greater use for a heat storage unit. The
greater heat accumulator use in the 15-minute aver-
age simulation suggests that this device is actually
necessary in a real-life scenario, where the require-
ment for heat and electricity is more unstable.

5. Conclusion

The model presents the expected results of SOFC-
based micro-CHP system work in residential appli-
cation in Poland. It was found that in the assumed
conditions the system does not break even. It was
also found that a positive commercial result is pos-
sible if the price of electricity goes up. The simu-
lation based on 1-hour and 15-minute load averages
shows that the real results of the system might dif-
fer slightly. The results of work are consistent with
those found in the technical literature.

Analysis of the presented results shows that 1 kW
units are the optimal size of micro-CHPs for Polish
households.
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