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ABSTRACT. The much-needed energy transition brings special focus on fuel cell micro-combined Heat and Power (mMCHP.
or micro-CHP) systems for residential uses, one of which is a Solid Oxide Fuel Cell (SOFC), fed by natural gas, designed
to provide continuously 1.5 kWel with an associated amazingly high expected Low heating Value (LHV) electrical efficiency
of 60%. This power output can be modulated as desired down to 500 We and heat can also be recovered to partially
contribute to the heat demand of the household. This system has been installed in a laboratory environment and has been
specifically instrumented in order to evaluate its performance with different thermal loads and electrical output power
settings. In this paper, focus is brought on the resulting thermal output and efficiencies, both thermal and electrical, which
have also been modelled with great goodness of fit. With several electrical power outputs between the 500-1500 We range,
this study shows total High Heating Value (HHV) total efficiencies up to 88-89% at minimal return temperatures (around
20°C) in the heat recovery circuit. Maximum LHV electrical efficiency has been found to be equal to 57% at nominal output
power (regardless of the thermal loads), which is close to the manufacturer’s target of 60%.

RESUME. La transition énergétique met en lumiére les systémes de micro-cogénération & pile & combustible pour les
usages résidentiels, dont un est une Pile a Combustible a Oxyde Solide, alimentée au gaz naturel, concue pour fournir
continuellement 1,5 kWe avec une efficacité électrique exceptionnellement élevée attendue de 60% (pouvoir calorifique
inférieur). Cette puissance de sortie peut étre modulée a volonté jusqu'a 500 We et la chaleur peut également étre
récupérée pour contribuer partiellement a la demande de chauffage du ménage. Ce systéme a été installé au laboratoire
et a été spécifiguement instrumenté afin d'évaluer ses performances thermiques a différents régimes de puissance
électrique. Dans cet article, I'accent est mis sur le rendement thermique résultant et les efficacités, tant thermiques
gu'électriques, qui ont également été modélisées. Avec plusieurs sorties de puissance électrique entre 500 et 1500 We,
cette étude montre des efficacités totales (pouvoir calorifique supérieur) jusqu'a 88-89% a des températures de retour
minimales (autour de 20°C) du circuit de récupération de chaleur. L'efficacité électrique maximale obtenue est égale a 57%
(pouvaoir calorique inférieur) a puissance nominale, ce qui est proche de l'objectif de 60% du fabricant.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) has recently reported a maximum carbon
budget of 890 GtCO; that humanity can emit from January 1%t 2020 in order for global warming to likely
remain under the +2°C acknowledged limit compared to preindustrial levels [1].

This carbon budget necessitates an immediate and significant reduction in the annual carbon footprint.
For Western European regions or countries such as Wallonia and France, current estimates place these
footprints at 15.0 tCOzeq/year and 9.2 tCOzeq/year respectively [2], while the individual net-zero 2050
carbon footprint is projected to approximate 1.0 tCOzeq/year per capita [2]. This imperative for
decarbonization therefore extends to residential levels, highlighting the increasing relevance of cleaner
technologies. Among these, combined heat and power (CHP) fuel cell systems stand out [3-6]. Notably,
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they offer the dual benefits of efficient energy generation and the absence of SO, or NOx emissions
[7.8].

One system, already commercialized and tested in inhabited dwellings in field-test applications [9],
is a Solid Oxide Fuel Cell (SOFC) fed by natural gas, designed to provide 1.5 kW, of nominal output
power with an amazingly high announced Low heating Value (LHV) electrical efficiency of 60%, along
with a heat recovery of 0.6 kW representing a LHV thermal efficiency up to 25%. The output power
can be modulated down remotely (by the manufacturer, upon the owner’s request) as wanted in the 0.5
- 1.5 We range, affecting those announced efficiencies, but it is not advised to completely shut it down.
Indeed, the thermal cycles that would be induced would imply too intense temperature gradients, which
are known to contribute to degradation by opening micro-cracks and delaminations (failure mode for
which materials fracture into layers) [10]. It is known that start-up and shut-down procedures require
appropriate control to ensure fuel cell durability [11] and it is believed that in this case, this is the reason
why start-up operations have been reported in the user manual to last up to 30 hours.

The purpose of this paper is to report the laboratory test campaigns that have been conducted in the
facilities of the University of Liege on this SOFC system. This study aims to verify the electrical and
thermal efficiencies announced at nominal output power, as well as to investigate how part-load
operations affect them, which have not been extensively studied in literature with commercialized mCHP
fuel cells. In addition, a wide range of operating temperatures for the heat recovery system of the SOFC
have been tested and reported in this paper. The novelty of this work also lies in the performance models
that have been computed from the experimental results and that can be easily integrated in building
simulation tools. This work was initially presented at the 36th International Conference on Efficiency,
Cost, Optimization, Simulation and Environmental Impact of Energy Systems (ECOS 2023) [12] and
selected for publication in this journal.

2. Description of the system and the test bench

Discarding its chimney, the system has approximately the same size as a dishwasher, as it can be seen
in Figure 1. Its internal schematics has not been disclosed but has been discussed in a previous
publication [9], based on observations of the system and cogeneration SOFC literature. Amongst other
particularities, the reforming process of the inlet natural gas (into hydrogen) is not only internal, i.e.
directly onto the stack, at the anode, but it also uses an external steam reformer upstream of the stack
(called ‘pre-former’ [9]). It is worth mentioning that the hydrocarbons (partial or complete) internal
utilization capability of the SOFC technology, which can consits in direct decomposition at the anode or
direct electrochemical utilization [13], is in fact enabled thanks to its high operating temperatures [14].
This consitutes a major advantage compared to PEMFCs fed by hydrocarbons [15], i.e. the main other
commercialized residential fuel cell technology, because it increases fuel flexibility, tolerance to
contaminants and efficiency [13].

The test bench, presented in Figure 2, has been described in a previous publication [16]. It has been
designed to control the heat recovery flow rate, through a variable speed circulator, and the operating
temperatures, through a high-capacity cooling heat exchanger bypassed by a thermostatic three-way
valve [16].
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Figure 1. Tested mCHP SOFC in ULiege laboratory facilities
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Figure 2. Schematics of the SOFC test bench described in this paper

2.1. Measurement devices

The test bench has also been designed to offer redundancy of the sensors required to compute electrical
and thermal efficiencies: gas, electrical and heat meters (consisting of flow rate meters and temperature
probes) have indeed all been doubled with field-test monitoring sensors connected to a Wireless M-bus
(Meter-bus) data-logger [17]. It is worth mentioning that the same Wireless M-bus sensors have been
implemented in a parallel field-test study on the same mCHP SOFC [9]. Therefore, the purpose of adding
the same sensors as in the field-test study was to correlate the measurements and subsequently validate
the field-test measurements. Main sensors used in the test bench for efficiency computation are shown
in Figure 3 and Figure 4. Their references, accuracy and resolution have been reported in Table 1.
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Figure 3. Metering sensors used on the test bench: a) electrical power, electrical energy meter, c) gas meters,
d) heat recovery meter (that computes supply and return temperatures as well as the flow rate)

Reference Resolution  Accuracy

Recovery heat rate (and flow alcosonic E1 Qn2,5 1 Wy

y ( Q Q th* <5% Accuracy Class 2 [18]
rate) 0i=0.025m?/h | L=130mm 1L/h
Paired [19] depart and return  [EOEUseko]al{oll =HN©]1V2E3) 01 K" <0,04 K at 293 K [20]
temperature (PT500)*** 0i=0.025m3/h | L=130mm ’ <0,04 K at 333 K [20]
Recovery heat volumetric

y o DHV1300 0.1L <2% (datasheet)
water meter
Paired [19] depart and return Analo

[19] **P ‘type T’ thermocouples . ! +1 K [21]
temperature signal
Electrical power A2000 1 W <0.5% (datasheet)
Electrical energy counter Iskrameco MT174 10 Wh* < 1% Accuracy Class 1 [22]
Gas volume counter BK-G4T DN25 Qmax 6 m¥h woL” <0.5% (datasheet)

* Data logger included ** Assumed from Class B [20], highest tolerance figure for most common PT500 *** For redundancy of the heat rate calculation

Table 1. Specifications of the main sensors used to compute efficiency laboratory results

The field-test electricity meter is a Iskraemeco MT174, shown in Figure 3(b). It computes two indexes
of electrical energy (for production and consumption). Electrical power is not directly provided and must
be established by taking the derivative of the energy index. The electrical power meter, which is shown
in Figure 3(a), is an A2000 bidirectional electrical power meter that shows both the net electrical power
consumed and generated.

It is important to mention that the generated power exported to the grid is reduced by the power
consumed by the operation of the SOFC itself. In electrical production mode (which occurs for all the
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test conducted in the laboratory), no electrical consumption is measured: the system provides for its own
auxiliaries, except for the circulator of the (optional) heat recovery circuit, that is external to the SOFC
and could be sized and chosen independently.

(b)

Figure 4. Temperature measurements required to establish the heat recovery rate: a) separate PT-500 probe
assembly required for the Qualcosonic E1 heat meter, b) thermocouple elbow immersion sleeve associated
with the DHV1300 water meter

The field-test heat meter sensor is a Qalcosonic E1, shown in Figure 3(d). It is preferably placed on
the return line (as close as possible to the heating appliance to reduce the impact of thermal losses). It is
composed of flow rate ultrasonic sensor combined with two PT-500 temperature probes to implement
power calculations according to the first thermodynamics principle. One of those probes is included in
the main body part of the sensor (where the flow rate measurement occurs) whereas the other probe has
to be mounted in separate valve body (to place on the depart line as close as possible to the heating
appliance). A commented photograph of this separate temperature probe assembly is presented in Figure
4(a).

The Qalcosonic sensor also provides the flow rate and temperature it measures. It also computes an
energy index (by integration of the power measurement).

The heat meter is correlated to a specific combination of independent water flow rate and temperature
measurements. On the one hand, ‘type-T’ thermocouples are placed in specifically manufactured
immersion sleeves, as shown in Figure 4(b). Those are located at the recovery circuit return and depart
(close to the PT-500 probes of the Qualcosonic E1 heat meter). The thermocouples are insulated after
installation to ensure that the collected data to avoid the influence of radiation or convection with other
sources. On the other hand, the water flow rate of the heat recovering circuit is also measured thanks to
a DHV 1300 water meter, shown in Figure 3(e). It computes the volume of water that is passing through
the sensor (thanks to the displacement of a rotating piston). It provides 10 pulses every litre so a
frequency meter can be implemented to generate an analog signal. A specific calibration process allows
for converting its frequency signal into the desired flow rate measurement.

Both gas metering diaphragm sensors reported in the test bench are BKGAT (temperature
compensation implemented). They are shown in Figure 3(c).

2.2. Testing procedure

As explained, one purpose of the laboratory test campaigns is to evaluate the heat recovery
performance according to the electrical power output of the SOFC (set remotely by the manufacturer and
measured in the test bench). The heat recovery performance is studied related to the working temperature
levels (it suffices to only control and measure the return temperature) and related to the heat recovery
flow rate (also controlled and measured).
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It has been chosen to discretize the net electrical output range into three: nominal (maximum) power
(1500 Wei), minimal power (500 Wei) and an intermediate power setting (1000 We).

The flow rate range is also discretized into three. The chosen discretized flow rates are about 230 L/h,
about 160 L/h and about 90 L/h. They correspond to the three positions of the chosen manual variable-
speed circulator (‘Yonos Para 15/6° by Wilo) and therefore cover its whole operating range.

The minimal return temperature that could be obtained depends on the auxiliary heat exchanger
efficiency (and the temperature of the water mains which it is supplied from). At the time of the test
campaign (September 2021), it was not possible to go lower than about 18°C. Maximum temperature of
the return line is obtained by bypassing the auxiliary heat exchanger completely and depends on the
thermal losses of all the heat recovery circuit to the air of the room (that can be considered at a constant
temperature and humidity). At the time of the test campaigns, it was difficult to obtain return temperature
higher than 47°C (corresponding to about 50°C of depart/supply temperature), especially for low output
power setting (and therefore low heat recovery capacity). Beyond those extremes, it was then chosen to
conduct the tests with 8 additional intermediate temperature levels: each temperature step is about 3 or
4 K.

For each tested operating conditions, one has waited at least 15 minutes to ensure for the system to be
considered at steady-state.

2.3. Equivalent energy contained in the consumed gas

It is worth mentioning that all the laboratory tests were conducted in three separate days over two
weeks in September 2021, allowing the electrical power output to be changed in between.

Natural gas consumed on the test bench comes from the grid. Its HHV has been provided hourly by
the gas provider and the daily average values have been reported in Table 2.

LHV

(assuming HHV/LHYV ratio of
1.1085 [23])

Testsequence 1  [UEIORUA 11,5762 kWh/m3 10,4431 kWh/m3
Test sequence 2 JEEVOORVYA 11,5885 kWh/m?3 10,4542 kWh/m?3
Test sequence 3 RSJVOAWA 11,6133 kWh/m3 10,4766 kWh/m3

AC electrical power HHV

output (given by the gas provider)

Table 2. Average HHV and LHV figures on the day of the test sequence

It must be stated that the HHV figures of Table 2 have been measured by the gas provider in reference
conditions (1 atm and 0°C), which are different from the gas delivery conditions. Therefore, the metered
gas volume must be corrected to be applied to those HHV or LHV figures, following the method
described in a previous publication [24]. Since the atmospheric pressure was not measured at the
laboratory facility, it has been computed considering an assumed pressure at sea level of 101325 Pa and
an ambient temperature of 15°C (see reference [24] for explanatory details).

The uncertainty levels of the HHV-LHV figures of Table 2 have not been given by the gas provider.
Therefore, since the laboratory facility is receiving type ‘H’ natural gas (‘rich’ gas, as opposed to ‘lean’
gas, called type ‘L’ gas), the uncertainty level of those heating values can be assumed equal to +234
Wh/m3, i.e. the same uncertainty level considered in the already referenced field-test study [9] for the
site that also receives type ‘H’ gas.
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3. Results

It is worth mentioning that the measured output power fluctuated in a range of only £ 3 We around
the power output setting set remotely by the manufacturer (i.e. £ 0.6% in the worst case), not affected
by the working temperature of the heat recovery system (nor its flow rate). Similarly, the gas
consumption was observed to be very stable according to the output power setting and therefore not to
depend on neither the temperature nor the flow rate of the heat recovery system. Indeed, it was observed
to vary at worst in the £ 0.5% range. Those fluctuating ranges are even in the same order as the accuracy
of the corresponding sensors, as shown in Table 1. Therefore, it has been established that electrical
efficiency (not considering the power consumption of the circulator of the heat recovery system) also
only depends on the output power setting (and is not affected by the state of the heat recovery system).
Since the state of the heat recovery system affects the temperature of the flue gases, which heat up the
incoming air required for the fuel cell reaction through the double-walled chimney (Figure 2), it could
have indeed been imagined that it might have affected the electrical efficiency of the stack. However, it
is not the case and one can assume that the internal heat management of the system is robust enough so
the state of the heat recovery circuit only impacts the thermal efficiency of the system.

Indeed, only the thermal efficiency has significantly varied in all the laboratory test campaigns. So,
the system’s thermal efficiency dependency related to working temperature and flow rate of the heat
recovery circuit is presented in Figure 5, Figure 6 and Figure 7, according to the electrical power output
setting (respectively 1500 Wei, 1000 Wei and 500 Wey).

It is clear that the flow rate, in the tested range, has no significant influence on thermal efficiency. On
the contrary, the efficiency decrease according to increased working temperatures is always noticeable
and quite linear. It even increases (exponentially) as the electrical output power setting is lowered.
Indeed, over similar tested working temperature ranges (of about 30°C each time), at 1500 We, the
decrease in thermal efficiency is about 26 percentage points; at 1000 We, it is about 28 percentage points
and at 500 Wey, it is about 35 percentage points. This exponential trend can be explained by the
exponential relation between thermal efficiency and electrical output power, observable in Figure 8,
which highlights efficiency results according to the power output setting. It also compares directly the
results gathered in this particular experimental study with the one previously published by the
manufacturer [25] (all obtained at a return temperature of 30°C). It is worth mentioning that those
previous results have been presented in 2011 and might be relevant for a previous version of the system.

LHV thermal efficiency at 1500 W of electrical power output
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Figure 5. LHV thermal efficiency of the SOFC related to working temperature (and water flow rate) at 1500 We|
of power output. LHV electrical efficiency has been found constant and equal to about 57%.
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LHV thermal efficiency at 1000 W of electrical power output
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Figure 6. LHV thermal efficiency of the SOFC related to working temperature (and water flow rate) at 1000 We,
of power output. LHV electrical efficiency has been found constant and equal to about 55%.

As shown in Figure 8, total LHV efficiency is always about or above 80%. Figure 8 also shows that
the laboratory efficiency variations between nominal electrical output power and 1000 We of output
power is not significant. On the other hand, working at minimal power brings significant total efficiency
decrease (explained by the 17 percentage points decrease in electrical efficiency, which is not balanced
by the slightly higher thermal efficiency). It is quite trivial that partial load functioning leads to lower
electrical and total efficiencies (mainly due to higher heat losses than at design operating conditions
because the internal temperature must be kept constant [26]). Therefore, it is also quite normal that, as
electrical efficiency increases, thermal efficiency decreases. This has been verified in literature for many
CHP systems [27], as demonstrated with Figure 11, for which the experimental results of the BlueGen
system reported in Figure 8 have been added for comparison.

LHV thermal efficiency at 500 W of electrical power output
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Figure 7. LHV thermal efficiency of the SOFC related to working temperature (and water flow rate) at 500
W, of power output. LHV electrical efficiency has been found constant and equal to about 40%.
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Figure 8. LHV efficiency results obtained in this laboratory study superposed on reproduced ones previously
published by the manufacturer [25] (all obtained with a return temperature of 30°C). System’s version in the
results published by the manufacturer has not been disclosed, neither as the way efficiencies have been
measured or computed (which might explain the few differences).

4. Performance models

Based on those results, the system has been modelled in two main steps with the Matlab software,
starting with the thermal efficiency and finishing with the electrical efficiency.

As stated, the thermal efficiency of the system does not depend on the water flow rate of the heat
recovery circuit. Therefore, the only influencing parameters for the thermal efficiency are the electrical
output power W,; and the working temperature of the heat recovery circuit (which influence has been
studied through its return temperature Tk). The resulting LHV thermal efficiency model (with its
tremendous goodness of fit) is presented in Figure 9. It consists of a polynomial regression of the second
order on both axes of all the results presented in Figure 5, Figure 6 and Figure 7, independently of the
water flow rate of the heat recovery circuit. Between electrical power output W,; of 500 and 1500 Wel,
this LHV thermal efficiency 1.y, moqe; Model is defined by Equation [1], whose parameters are provided
in Table 3. Equation [1] has been nondimensionalized in Equation [2] :

. . .2 .
Nthmodet (%0) = f(Wel'TR) = Doo + P1oWer + Do1Tr + P20Wer” + P11WeiTr + Do2 T’ [1]
Nenmodet (%) = (A, Tr) = poo + 1500p194 + po1Tr + 1500%p,9A% + 1500p,1ATx + Po2Tr’ [2]

Equation [2] is therefore expressed in terms of load factor 4, i.e. the nondimensionalized ratio between
the electrical output power and the nominal power, equal to 1500 We in this case (1 = W,;/1500W,,)).

It must be stressed that this thermal efficiency model is valid on the tested heat recovery water flow
rate. It is likely that higher heat recovery flow rate will not affect the model (because efficiency of the
thermal exchange within the system seems to have reached its maximum asymptote). However,
extremely low heat recovery flow rate will trivially reduce the efficiency of the exchange within the
machine. It would therefore be considered as good practice to ensure at least 90 L/h of water flow rate
in the recovery heat circuit (or to ensure that lower flow rates will not affect the thermal efficiency of
this system). The model is likely to be valid in real applications since 90 L/h of water flow rate has been
obtained at the ‘lowest position’ of the variable speed circulator used in the test bench (see Figure 2).
Lower water flow rates could only occur with unlikely great pressure losses on the heat recovery circuit.
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Thermal model
parameters

Values

Poo

P1o -0.03938

Po1 -1.699

P20 9.855e-6

P11 4.257e-4

3.249¢e-3

Table 3. Parameters of the LHV thermal efficiency model of the SOFC of Equation [1] and Equation [2], valid
between electrical power output W,; of 500 We and 1500 We

It is worth mentioning that goodness of fit can indeed be studied easily with the Matlab software
thanks to RMSE and R-square values. The following explanations have been provided by the Matlab
Software support regarding those fitting variables [28]:

—R-square: This statistic measures how successful the fit is in explaining the variation of the data. Put
another way, R-square is the square of the correlation between the response values and the predicted
response values. R-square can take on any value between 0 and 1, with a value closer to 1 indicating that
a greater proportion of variance is accounted for by the model;

—RMSE: This statistic is an estimate of the standard deviation of the random component in the data.
RMSE value closer to 0 indicates a fit that is more useful for prediction.

[T RMSE=1.4718
® R-Square=0.9809

|

I

l

l

I

LHV thermal efficiency (%)
&
/

45

Electrical power output (W) 700 600 Return temperature of the heat recovery circuit (°C)

500 50

Figure 9. Model of the laboratory BlueGen LHV thermal efficiency according to return temperature of the heat
recovery circuit and electrical output power

Modelling the LHV electrical efficiency is simpler as it does not depend on the return temperature of
the heat recovery circuit (nor on its flow rate, as it was already the case with the thermal efficiency).

© 2024 ISTE OpensScience — Published by ISTE Ltd. London, UK — openscience.fr Page | 10



Again, the Matlab software has been used on all the results presented in Figure 5, Figure 6 and Figure
7. The resulting model is defined by the exponential Equation [3], which has been nondimensionalized
in Equation [4] :

Net,modet (%) = f(Wel) =aX Welb +C [3]
nel,model(%) = f(A) =a x 15001 + ¢ [4]

Equation [4] is therefore expressed in terms of load factor 4, i.e. the ratio between the electrical output

power and the nominal power, equal to 1500 Wel in this case (1 = W,;/1500W,;). Model parameters
and goodness of fit indicators are given in Table 4.

Electrical model parameters and

goodness of fit indicators
a -7.491e8
-2.82
57.64
0.1687
0.9996

Table 4. Parameters and goodness of fit indicators of the LHV electrical efficiency model of the SOFC of
Equation [3] and Equation [4]

5. Discussion
5.1. Comparison with previously published results

LHV electrical efficiency at nominal power is about 3 percentage points behind the manufacturer
target (one has obtained 57% experimentally and not 60% as stated in the Introduction) and this could
be explained by the intrinsic statistical difference between production units and/or simply by the natural
ageing of the stack (as shown in Figure 10). Indeed, the tested machine had already been operated for
about 6000 hours at the times of the tests. At lower electrical power (1000 We and 500 We), the
laboratory electrical efficiency results seem to be relevant with the 2011 results of Figure 8 [25]. On the
other hand, it seems that heat recovery has been significantly improved since the earlier manufacturer’s
publication in 2011, probably achieved with the use of an internal recovery heat exchanger of larger size.

By deduction of Figure 5, the 25% LHV thermal efficiency announced by the manufacturer (as stated
in the Introduction) is relevant with a return temperature of 40°C, which is sufficient in some DHW
production applications as well as if the SOFC was directly connected to high-temperature terminal units
(in older dwellings, for example). This SOFC mCHP performance has been compared with other well-
known cogeneration technologies in Figure 11 [27]. It confirms that fuel cells (especially SOFC’s) allow
for achieving much higher electrical efficiencies than other technologies.
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Figure 10. Statistical analysis of production systems back in 2011 [25] expressed in terms of LHV electrical
efficiency decay over time at nominal output power (1500 We)). The version of the system in the results
published by the manufacturer has not been disclosed. Reproduced from reference with the addition of the
laboratory results obtained in this work.

5.2. External weather conditions

At the time, it was decided not to monitor the external temperature and humidity during the test
campaigns. Looking at the outcomes published in this paper, there are no unexpected results that are
significant enough to be related to any weather variation that has occurred during the test campaigns.
Therefore, with such a SOFC system, with tremendously high internal temperatures around 800°C [29],
it could be considered that moderate external temperature and humidity variations (typical of Western
Europe’s climate) have no significant influence on the efficiencies of the system. It is worth mentioning
that there were also neither any significant influence of external weather conditions that could have been
inferred from the field-test study previously published about that particular SOFC system [9].

The efficiencies reported in Figure 11 are put in perspective with a line (lower dotted one) representing
the reference conventional power that the micro-CHPs must beat (i.e. the average grid efficiency for
electrical generation and the gas condensing boiler for heat production). Average efficiency of the grid
electrical mix is considered to be at 40 % HHV (as comparison, the one of UK in 2013 was about 38.6%
LHV, i.e. 34.8% HHYV [30]). Reference thermal efficiency of condensing gas boiler is considered to be
at 90% HHV (as comparison, yearly HHV efficiency figure of field-tested gas condensing boiler have
been reported in the 82-89% range [31] whereas the Walloon energy regulator in Belgium has stated,
based upon field-test studies, that reference state-of-the-art gas condensing boilers have efficiencies of
90% LHV, i.e. 81.2 % HHV [32]). The maximum physically possible upper limit considered in Figure
11, corresponding to total HHV efficiency of 100%, is represented by the upper dotted line. The
experimental results of this SOFC system at 30°C of return temperature, reported in Figure 8 according
to the output power setting, have been added to Figure 11 considering a 1.1085 HHV to LHYV ratio [23].
Still in Figure 11, the efficiency results over the upper line (total efficiency results over 100% HHV) are
most likely due to measurement uncertainty, especially regarding how the HHV is accounted for [24].
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Figure 11. Market study on reported efficiencies for three different groups of micro-CHPs: Internal Combustion

Engines (ICE), Fuel Cell based micro-CHPs and CHP based on Stirling principle. Reproduced and adapted
from reference [27].

5.3. Water consumption (and evacuation)

As explained in the field-test study previously published about that particular SOFC [9], the system
consumes water (discontinuously, a few times a day) from the mains in order to (filter and) store water
that could later on help provide steam for methane reforming purposes. Even though a water meter was
placed on the test bench (at the water mains connection), in such steady-state tests, the water consumption
can hardly be related to the operating conditions as water withdrawals are only executed periodically (a
few times a day). Indeed, generally, no water consumption was observable while conducting the test
procedure for one particular set of operating conditions. For example, water withdrawal occurred a
couple hours later, while the test campaign was finished or while conducting the test for other operating
conditions.

However, from 20" September 2021 to 16™ February 2022, the SOFC was turned on in the laboratory
facilities and has provided (continuously, mostly at its nominal power output) 5048 kWhe of electrical
energy and 1434 kWh, of heat. During that time, the system consumed 6274 L of water from the grid.
This accounts for a water consumption of 1.24 L/kWhe. This figure can be considered as in the upper
range related to this SOFC system because, in the laboratory facilities, the heat recovery circuit was
turned off most of the time (except during the three days of the actual test campaigns). Therefore, the
return temperature was generally not cooled down and water in the flue gases was less likely to
condensate and be fed back to the internal tank, which would have reduced the water consumption from
the mains [9].

As shown in Figure 2, the system has two water outlets to the sewers (that have not been instrumented
as water evacuations are quite sporadic). The first outlet evacuates brine water from a reverse 0smosis
filter [33] that cleans the water supply (from the mains) and feeds an internal tank (with cleaned water
required for steam reforming processes of the inlet fuel, that is subsequently processed by the fuel cell
stack) [9]. With such a two-chamber filter (separated with a filtering membrane), the water impurities
concentration in the periodical inlet water volume becomes too high compared to the pressure used for
the reverse osmosis. Thus, the remaining inlet water (with high levels of impurities) has to be thrown
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away for another periodical grid fresh water inlet to take place (and to be submitted to the reverse osmosis
filter). The more water is consumed from the grid, the more brine water will be evacuated.

As mentioned here above, flue gases are ideally cooled down by the optional heat recovery circuit and
the condensates, which are not required to be processed in the reverse osmosis filter, are recovered and
fed to the internal water tank [9]. However, this latter might be full so a second water outlet to evacuate
its potential excess has been implemented [9].

Thus, enabling the heat recovery circuit and allowing for more processed water recovery (from the
flue gases) will increase the probability of water excess in the internal tank (and water evacuation from
the second outlet), but it will more importantly reduce water consumption from the grid and the resulting
brine water evacuation (from the first outlet).

6. Conclusion

Electrical and thermal performance (efficiencies) models of the studied SOFC mCHP system are
demonstrating great goodness of fit. Its electrical power output is tremendously stable and corresponds
quite accurately to the output power setting as well as to the performance announced by the manufacturer
(especially considering ageing). Along with the stable gas consumption, this leads to very stable
electrical efficiencies. The electrical efficiency (and power output) is not altered at all by changes in
working temperature of the heat recovery circuit (nor by potential change in heat recovery flow rate). In
the tested range (corresponding to the range of a variable speed regular space heating circulator), thermal
efficiency is almost not altered by the heat recovery flow rate.

Thermal efficiency is affected by the working temperature of the heat recovery circuit quite linearly
and it decreases as working temperature increases. The slope of that linear decrease increases
exponentially as electrical power output decreases. Indeed, at nominal electrical power output (1500 W),
the thermal efficiency increase between about 50°C and 20°C of return temperature is about 26
percentage points. And, over a similar temperature range at minimal electrical output power (500 W),
the thermal efficiency decrease reaches 35 percentage points. At nominal electrical power output (1500
W), highest LHV thermal efficiency is about 42% whereas it increases up to about 55% at minimal
electrical power output (500 W).

The efficiency results at 1000 W of electrical power output are really close to the one obtained at 1500
W of electrical power output (for both electrical and total efficiency). However, lowering the electrical
power output down to 500 W mainly reduces the electrical efficiency, which is not balanced by the
increase of the thermal efficiency, meaning that the total efficiency still decreases compared to higher
power output settings. Total LHV efficiency is indeed about 78% at 500 W of electrical power output
whereas it comes close to 90 % at 1000 W and 1500 W of electrical power output.

The LHV thermal efficiency of 25% at nominal electrical output power of 1500 W announced by the
manufacturer seems to correspond to a return of 40°C, which is relevant for many residential DHW
applications. This corresponds to about 600 W of heat recovered. Residential DHW represents thus a
suitable way of recovering the heat provided with the system. As explained, lowering the return
temperature (without significantly reduce the heat recovery flow rate below the operating range of the
variable speed circulator that has been used) would even increase the amount of heat recovered (and the
thermal efficiency of the system) but at temperature lower than 40°C, it would no longer be convenient
for DHW production.

Compared with CHP literature, this SOFC technology demonstrates quite high electrical efficiencies
and satisfactory thermal efficiencies. In fact, no commercialized CHP system exhibiting higher electrical
efficiencies than this system have been found by the authors of this paper.
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