D2Service Design of 2 Technologies & Applications to Service
Work package

WP4: Design changes required for an easier and more competitive
service of SP’s μCHP appliance

Deliverable

D4.5: Final Report of the design changes of the SOFC CHP system
– public part

Period covered:

15.02.2017 – 31.12.2018

Dissemination status:

PU

Name, title and organization of the scientific representative of the project's
coordinator:
Dr. Andreas Linhart
DLR-Institut für Vernetzte Energiesysteme e. V.
Carl-von-Ossietzky-Str. 15
26129 Oldenburg / Germany
Tel: + 49 441 999 06 371
Fax: + 49 441 999 06 109
E-mail: andreas.linhart@dlr.de
www.d2service-project.eu

This project has received funding from the Fuel Cells and
Hydrogen 2 Joint Undertaking under grant agreement No
671473. This Joint Undertaking receives support from the
European Union’s Horizon 2020 research and innovation
programme, Hydrogen Europe and Hydrogen Europe
research.

GA N° 671473

1

Final Report of the design changes of the SOFC CHP system – public part

Document history
Version
1

Date
18.03.2020

GA N° 671473

Description
First version

2

Final Report of the design changes of the SOFC CHP system – public part

1 Introduction
The design of a compact size µCHP system is one of the most challenging tasks for SOFC
based technology. Indeed, these systems require a noticeable volume for refractories and
BOP components, so that a compact layout is obtained at expenses of the serviceability.
This means that, usually, the µCHP design does not allow an easy replacement of the
consumables, i.e. the air, fuel and water filtering devices, so that the service operation for the
substitution of the aforementioned filters results time consuming and expensive, since it
requires more than one operator.
Moreover, the previous SOLIDpower installation experiences showed that the overall
reliability must be improved, because of a water filter consumption faster than expected in
some sites where tap water has a particularly high hardness.
The reliability improvement must affect also other components, in particular the ones
operating at high temperatures, which are part of the so called HotBoP, in order to meet the
requirement of 10 years lifetime.
Among the HotBoP components, stacks are sensitive to system failures, so that it is possible
that their unplanned replacement may be needed.
SOLIDpower is intensely working to decrease the impact of such a failure by:


An improvement of stack reliability and long-term performance to lowering the need of
its replacement.



The design of a stack integrated into the Hot BoP which allows stack replacement on
site, eliminating the need of shipping the complete system to the factory.



A revision of stack layout, to reduce its size and weight, and to allow the introduction
of less expensive materials and parts production techniques.

The field tests carried on by SOLIDpower and a thorough analysis of related service costs
clearly showed the need to design a system that allows an easy replacement of the filters,
and, where possible, of all the components in the cold part, so that maintenance can be done
by single operator. Also, the reliability of the components is crucial, and they must be
selected not only taking in account cost but also their lifetime which, for Hot BoP
components, must be higher than that of the µCHP.
All these efforts will result in a cheaper µCHP system which will be cost effective and
competitive with respect to other renewable energy sources.
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2 Review of service requirements in SOFC systems
The main requirements for service and maintenance have been defined on the basis of the
SOLIDpower SOFC based µCHP system having the commercial name of EnGenTM-2500, the
number indicating the power size, as the unit is capable to generate 2500 W AC electrical
output. This co-generator was developed between 2013 and 2015 and deployed for field-test
trials since the end of 2015. The main product specifications are listed below, in Table 1.

Table 1: EnGen™-2500 specifications

Product Specs
Electric power output (net AC)
Electric efficiency output (net AC, LHV)
Cogeneration efficiency (LHV)
Modulation range
Installation
Grid connection
Water storage
Maintenance interval
Safety

Value
2.5 kW
50%
90%
30-100%
floor standing
on-grid
Required
1 year
CE field test approval

The field-tests outcome displayed the need of some improvements to reduce the service and
maintenance costs.
On the basis of this experience, a detailed analysis of maintenance operations had been
carried on, considering two different scenarios:
Annual service
It includes all the activities related to the replacement of those BoP components
designed for 1-year lifetime, namely the filters for air, fuel and process water.
The main specifications for annual service include the unit accessibility on one side,
in order to reduce the necessary room for service activities. Moreover, service
operations should be carried out by a single operator, in order to save time and costs.
The final target of the annual service simplification is to let this duty to the end-user
with no or only little training.
Another significant improvement regards the unit monitoring, which is important to
increase the unit availability, predict its behaviour, and prevent any unexpected
failure.
Moreover, monitoring and reporting is important for service planning to decrease
service costs.

Periodical service
GA N° 671473
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This task includes all the activities related to the replacement of all the HotBoP
components (i.e. all the devices working at high temperatures and enclosed into a
thermally insulated box), with a particular focus on the SOFC stack. This service is
different from annual one because it is not scheduled once per year, but in a longer
period. Typically, it has to be done every 3 years of continuous operation (with an
outlook of 5 years), or in case of unexpected events that leads to component failures.
The periodical service has to be carried on by one operator, by using standard tools.
The remote monitoring of the µCHP unit is very important for periodical service, as
well. Indeed, monitoring and remote control of µCHP units reduce service costs,
specifically in case of unexpected events, for several reasons:
Allows to control the unit and fix operational conditions, preventing any failure
or issue;
Reduces the costs through minimization of the on-site service;
Thus, unit detailed monitoring and data collection for analysis by specific BI tools is
another very important way to reduce service costs. Indeed, these tools are
particularly interesting because are able to forecast the µCHP unit behaviour, on the
basis of the statistical analysis of historical data.
For these reasons, specific monitoring, BI and reporting tools have been developed.
Finally, it has to be mentioned, for its relevance, the training of the service personnel.
Installer network has to be built paying attentions to skill, risk-inclination and installer
confidence of being part of a specific innovation process, investing today for the
future.

A preliminary work, for the improvement of the system serviceability, had been focused on
the analysis of EnGenTM–2500 service operations, to determine the level of some Key
Performance Indicators (KPIs) involved in the service operations: among them, complexity,
number of operators, time required, cost of spare parts, as shown in Table 2.
Table 2: List of yearly maintenance operations, classified on the basis of complexity, time required and
cost.
Operation
Cleaning return circuit
filter
Desulfurizer
Lateral cover removal
and remounting
Frontal cover removal
and remounting
Water deionizer
Deionized water filter
BOP panel removal
BOP panel remounting
Cathodic air filter
External air filter

GA N° 671473

Description

Tools

Complexity

Operators

22

1

21.5

1

18

1

15

2

13
13
12
12
9
7

1
1
1
1
1
1
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This table summarizes the outcome of a process of a detailed analysis of each service
operation, resulting in a report with photographs and a detailed description of the steps
sequence.
In the water deionizing cartridge replacement, for instance, after removal of the external
cover and of one of the panels of the internal cover, the cartridge has to be disconnected
from the inlet and outlet pipes, and then unscrewed from the support; finally, a new one can
be installed and, after checking the absence of leakages, the panels can be reassembled
(Figure 1 and Table 3).

Figure 1 – Sequence of operations for water deionizing cartridge replacement.

Table 3 – Example of detailed description of an operation. From left to right: sequence of steps,
instruments required and checks at the end of operation.
Operation
Demineralizing
water filter

Steps
1.Loosen fittings at filter inlet and outlet
2.Unscrew filter support from the frame
3.Unscrew filter from its support
4.Connect spare filter to the support
5.Fix the support to the frame using the screws
6.Reconnect fittings at filter inlet and outlet

Instruments
Allen key 3 mm, Phillips
screwdriver #3

Panel
front

Parts
Demineralize
d Water Filter

Time [min]

Checks

20

1.Optical inspection
2.Water tightness

The sequence in the Table 3 do not includes the removal of the panels which is time
consuming and is difficult because of their weight.
During the simulation of the deionizing cartridge, as in all the other service operations in the
cold side of the co-generator, the service operators involved in the tests had observed that
the various pipes and cables in the surroundings of the cartridge made the removal and the
installation of the part difficult and with a relevant possibility of damaging some of the
sensors.

Once this work had been done for all the maintenance operations, the resulting KPIs had
been ranked to determine which of the operations could be significantly improved. Figure 2
shows the rank related to the actual complexity of the maintenance operations, in blue, and
the possible improvements upon re-design. It has to be stressed that these tasks can be
quite challenging, since the modification of a part of the µCHP often involves the re-design of
many adjacent components.

GA N° 671473

6

Final Report of the design changes of the SOFC CHP system – public part

Figure 2 – Maintenance operations ranked in order of complexity after study on the operations (blue) and
new values of complexity for the most critical operations upon re-design (red).

This ranking suggests that the re-design effort must focus on the replacement of some filters,
because their position do not allow to loosen and tighten easily their connections: in some
cases, for instance, there is not even space for the tool.
Another important factor impacting on service costs is the system reliability. For instance, as
stack failure is possible upon repeated thermal cycling, which may depend on external
factors, such as the stability of electrical grid or the availability of cooling water, the related
down-times could be dramatically reduced by a design that allows stack replacement in the
installation site. Of course, the reduction of stack sensitivity to thermal cycling must be
carried on in parallel.
If possible, this strategy should be applied to all components in the hot part of the system, in
particular for the reformer, which could undergo poisoning in case of malfunctions in steam
feed leading to low steam to carbon ratio.
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3 The re-design of the SOLIDpower EnGenTM-2500 SOFC system
for improved serviceability
The reference system used in this project had been the already mentioned EnGenTM-2500.
During the first installations in ene-field field tests, the problem of reliability and serviceability
become evident, increasing the awareness that the cold compartment layout design is
extremely important to guarantee an easy and cost-effective service.
Moreover, some components were not suitable for the expected lifetime in some harsh
environment, so also the installations requirements had been revised.
From the KPI analysis many important conclusions had been drawn:

The system must have a small footprint and height to allow the installation in existing
boiler rooms. Moreover, the access to the lower part of the µCHP from at least two
sides is required, so that more installation configurations are available.

The hot part of µCHP (i.e. HoTBoxTM) has to be thoroughly revised in order to:
reduce parts maintenance or replacement interval, by increasing their lifetime;
allow maintenance operation, by improving accessibility and handling;
increase thermal insulation and heat exchangers performance for achieve
high co-generation efficiency;
cost reduction by using cheaper materials.

The cold compartment of µCHP (i.e. Cold BOP) must be reorganized to accomplish
Hot Box modifications; other requisites:
easy access by changing the cover panels assembly;
replacement of filters by one person and with system in operation;
reduction of filters size;
reduction of BOP components to increase overall reliability.

Among various candidate concepts, the selected one (shown in Figure 3) is a good
compromise between the various requirements. The re-designed µCHP consists in a lower
framework in which the electronics and all the other components working at room
temperature are installed. The framework is closed by panels that can be opened for
inspection and maintenance on three sides, even during operation: the panels are gas tight
GA N° 671473

8

Final Report of the design changes of the SOFC CHP system – public part
when closed so that the air blower suction creates a path for the air which prevents the
formation of explosive atmospheres in case of natural gas leakage. This solution, moreover,
allows to eliminate the need of the heavy and difficult to handle external panels. The system
results very compact in size having width and depth of 600 and 700 mm, respectively, while
the height is limited to 1510 mm. The framework upper side is the support for the HoTBoxTM.
The rear side contains the connections for natural gas, process and cooling water, and for
the exhaust pipe. The electrical connections and switches are in the rear side as well.

Figure 3- µCHP concept and lower part framework with open side panels for easy maintenance.

In a further design revision, the hinges, welded onto the frame that allow the rotation of the
panels have been removed and the panels are connected to the frame by four cam locks,
improving cold BoP ease of access even in small environments (Figure 4).
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Figure 4 – Side panels removed for cold BoP access. It is possible to notice the four cam locks in each
panel.

HoTbox™

The hot part of the µCHP system was re-designed so that only a cover has to be removed in
case of service.
Once the cover has been taken away, the blocks of refractory material can be easily
removed to access the stacks and the other HoTbox™ components. The Hot BoP
components are as close as possible to improve thermal efficiency. The careful selection the
Hot BoP parts ensures a 10 years lifetime.
A further relevant improvement in serviceability, and in manufacturing costs as well, is the
reduction of stack volume and weight (34% and 20%, respectively), so that stack handling by
a single person is possible with the help of a simple removal tool (Figure 5).
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Figure 5 – Comparison between old and new stack design with decrease in volume and weight. On the
right, the stack removal tool.

HoTbox™ components lifetime improvement

It is a matter of fact that SOFC systems work in a very harsh environment and are
demanding in terms of materials which should operate continuously for at least 10 years. In
general, the selected materials must withstand temperatures up to 800°C and the stresses
induced by thermal gradients, for instance between stack or heat exchangers inlets and
outlets. Moreover, they must have high thermal and/or electrical conductibility and resist to
corrosion.
Ferritic steels are good candidates for this kind of environment because are a good trade-off
between cost and performance, but they are prone to release Chromium by evaporation
when heated at high temperatures and it is well known that Chromium is poisonous for the
SOFC’s cathodic material, based on (La, Sr) perovskite, and reacts with the sealing glass
reducing its strength. Moreover, Chromium oxides dramatically reduce the electrical
conductibility of the stack interconnectors. These problems are usually prevented by coating
the interconnectors with a Chromium getter material having the functions of avoid Chromium
evaporation by formation of a dense layer of Chromium based compounds on the cathodic
side interconnector surface which do not decrease the electrical conductibility and prevents
further Chromium oxidation.
However, Chromium evaporation affects other Hot BoP components, such as the air heater.
It is, therefore, extremely important to avoid that this Chromium poison the stack cathode,
with a cost-effective technology.
An interesting way to prevent Chromium evaporation is based on the coating of the heat
exchanger surface with a material that do not negatively affects the thermal conductibility.
Aluminization seems a promising and effective coating process, for instance, and it has been
experimentally verified by testing coated heat exchangers.
GA N° 671473
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Cold BOP

Cold BOP components are organized in modules that can be easily replaced in case of
yearly maintenance or failure (Figure 6).

Figure 6 – Cold BOP layout.

The cathodic air is warmed up by cooling the system electronics, contributing to increase the
co-generation efficiency and the blower is integrated in the electronics frame, so that the
maintenance can be carried on by simply removing the whole electronics block.
The natural gas line has safety and control valves and redundant pressure and flow sensors,
to comply with the safety regulations.
The water treatment system can be further divided in three main blocks: the demineralizing
cartridge, the syphon which collects the anodic exhaust condensate to be recirculated to the
evaporator, and the water pump along with its electronic board.
The cooling water circuit consists of copper piping to feed in series the brake resistance,
which is activated when the electrical grid is off and the system is generating electrical
power, and of the exhaust condenser.
This overview shows that it has been done a huge work on the Cold BoP layout to increase
the serviceability and it is possible to state that the target has been achieved.
It is wort noting that the redesign work for the Delta version has not been limited to changes
in the various elements position, but involved also modifications of the process, with
particular focus on the fuel processing part, and of the safety assessment, in order to
significantly reduce the number of safety sensors and, consequently:
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Decrease the number of devices that may undergo failure
Contribute to the µCHP cost reduction
Yield a clean piping and cabling.

4 The re-design of the SOLIDpower BlueGenTM SOFC system for
improved serviceability
During the last year, the market request has been focusing on systems with power output
lower or higher than 2500 W; thus, SOLIDpower have concentrated its efforts on the
development of systems which meet the market demand, i.e. a 1500 W system.
Solidpower already has a 1500 W system among its products, named BlueGen, which needs
some improvements to increase serviceability, and the experience acquired in EnGen reredesign have been fruitfully applied to this product with the release of a new version of this
product.
The pictures of Figure 7 allow to compare the size of the two BlueGen models: the new one
is taller (124 vs. 105 cm), a little bit narrower (55 vs. 60 cm) and has a greater depth (75 vs.
66 cm), in order to accommodate the Cold and Hot BoP components to fulfil the improved
serviceability requirements.

Figure 7 – Comparison between BlueGen old (on the left) and new version (on the right).
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Apart from the size, the old version has two panels fixed to the frame with hinges, the one in
front and the one on the right side, which have to be opened for the service, whereas only
the front panel has to be removed in the new version model, as shown in Figure 8.

Figure 8 – BG old version (left) with the two panels removed for service, compared to BG new version
(right) where only one panel has to be removed.

The components in the two system are almost the same, except for some minor differences.
The detailed description is here based on the pictures of Figure 9 for the old version and
Figure 10 for the new one.
In the mentioned pictures, it is possible to distinguish the following items:

The Water Treatment System (WTS) which is highlighted by a red frame. It consists
of 6 filtering cartridges and two pumps with integrated an electronic control board.
Other cartridges, hindered by the Hot BoP in the old version and highlighted by a
yellow frame in the new one, are also part of the WTS: in BG old version there is only
one and its substitution requires the removal of the Hot BoP (inside the light green
frame), while in BG new version these are two and are pretty available once removed
the front panel. It is worth to stress that the field tests indicated that a single cartridge
GA N° 671473
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does not guarantee a service interval of one year in all the installations, so that it has
been doubled in the new version of BG.
The improvement is evident by the point of view of the service, because all the parts
related to the water treatment are all close and in the front side, whereas in the old
version model, one filtering cartridge is hindered by the Hot BoP, so that the system
shut-down is required for its substitution
It is worth noting that most part of the of the WTS (that is the one indicated by the red
rectangle) can be replaced as a single component: in case of failure, the substitution
of this part is extremely simple and fast, and the origin of the fault can be
conveniently found in the SOLIDpower facilities by trained personnel.
The air blower, along with its filter, in the dark green rectangle: in both cases the
service is fast and easy but the position in BG new version is more comfortable for
the service operator.
The desulphurizer, indicated by the blue rectangle, is easy to replace in both cases.
The Power Module System (PMS, surrounded by a purple rectangle) which contains
the electronics for µCHP power supply and conversion of the stack DC electrical
power into AC for a direct connection to the grid. From the pictures it is possible to
observe that the PMS is in vertical position, in BG old version, and horizontal on the
top side of the frame in most recent version, explaining its height.

Figure 9 – BG Ev0 front side (left) and right side (right).

GA N° 671473

15

Final Report of the design changes of the SOFC CHP system – public part

Figure 10 – BG Ev1 front side.

5 µCHP monitoring network
SOLIDpower has created some dedicated monitoring tool to continuously verify the status of
health of each installed system. The monitoring is effective 24 h a day.
Apart from preventing serious failures, the network main target is to collect data and acquire
knowledge, through a statistical analysis, of the failure causes and suggest which are the
components that more frequently may undergo service, in order to indicate to the designers,
the possible improvements to be carried on.

The main interface is the HMI of the control program on board of BG µCHP systems, which is
used by the SP service team to adjust some setting for a fine tuning, or to update some
operation parameters upon statistical analysis on the data gathered from the installed
systems.
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Another very useful instrument for the system monitoring is the BlueGen-net where the
operator can be connected with all the systems installed at once and observe the arising of
warnings of alarms and take the adequate countermeasures, preventing severe damages to
the systems. The interface is rich of tabs and menus to provide a complete overview of the
unit state and the data logged can be sent to a data mining software to statistic and causeeffect analyses.
This tool is extremely effective for performance and reliability of the BlueGen fleet, and helps
in improving customer satisfaction because he knows that the manufacturer is aware of any
malfunctioning and works to fix it.
The BlueGen-Net provides also a simplified user interface for the customers to monitor the
operation of their µCHP systems. Currently, this interface is quite basic, but some
improvements are going to be implemented to make it more graphically captivating and user
friendly. Nevertheless, instantaneous and cumulative values of the most relevant parameters
are visible in both numerical and graphical way, as shown in the screenshots of Figure 12
and 13.

Figure 11 – Screenshot of BlueGen-Net interface
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Figure 13 – Screenshot of BlueGen-Net interface

GA N° 671473

18

Final Report of the design changes of the SOFC CHP system – public part

6 Conclusions
The evolution of SOFC based µCHPs has undergone a dramatic acceleration in the last
years, since stacks with a good degree of reliability started to be available.
The first co-generators had mainly the target to ensure the optimal operating conditions for
the stacks, not taking particularly in account the overall performance and at expenses of BoP
layout.
It has to be stressed that many factors contributed to spend less efforts than necessary on
BoP components:
µCHP Hot and Cold BoP components were not available on the market and
often the choice was done upon a trade-off between costs, performance and
size or, in other words, between a custom expensive and optimized unit and a
cheaper and standard one not fulfilling all the requirements
There was lack of information and no experience on long term performance of
many components, such as valves, blowers, etc. Many data have been
collected during field tests installations in the frame of national or European
projects.

During the first field test installations, the difficulties of service and maintenance on the so far
designed co-generators become evident, not only for the technical complexity but, mainly,
from the costs point of view: service, indeed, resulted one of the most important cost
contributions in TCO calculation.
This experience has increased the awareness of the importance of serviceability, and have
led to a detailed analysis of the service operations in terms of some relevant KPIs: spare
parts cost, time required, complexity of the operation, number of operators.
The outcome of this analysis has resulted in a great focus on the Hot and Cold BoP layout
and on the selections of the parts constituting them, with the aim to guarantee a lifetime of 10
years for the parts that cannot be replaced in the installation site, and at least 1-year lifetime
for the components that have to be replaced because of their size limitations that do not
allow a longer lifetime. The components that undergo yearly maintenance are the filters for
air, fuel (the desulphurizer) and process water: they must be installed inside the Cold BoP in
a way that allow an easy and fool proof replacement, in order to avoid leakages which may
damage the µCHP or compromise its safety.
The µCHPs designed according to these criteria, EnGenTM-2500 Delta and BlueGen,
demonstrate that this effort is worth to be done and it is possible that, in near future, most of
the service operations could be carried on by an untrained customer.
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