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1. Introduction 

Summary of the project scope  
The objective of the EMPOWER -project is to develop and demonstrate a compact and highly efficient 
micro combined heat and power (CHP) system based on high-temperature proton exchange membrane 
fuel cell (HT-PEMFC) technology and a methanol steam reformer. The developed micro-CHP system 
is intended as a back-up solution for sequential or simultaneous cogeneration of electricity and thermal 
energy in rural areas with unstable or zero grid availability. A core focus on thermal integration and 
waste-heat recovery enables high fuel utilization, high electrical- and CHP efficiency, and dynamic load 
response and fast start-up for flexible integration with intermittent renewable energy sources. The main 
project goals and expected impacts are summarized below. 

Table 1 – Expected project impacts and KPIs 

Expected impact  KPI  

Decrease system cost for small-scale CHP CAPEX < 3000 €/kW 

Decrease system size  System volume power density 30 W/L 

Increase system lifetime  Degradation < 0.4 % / 1000h 

Increased system efficiency  System electric efficiency > 50%  

Fuel processor efficiency at BoL > 85% fuel processor efficiency at BoL 

Proved scalability of system and components  Design study of 50 – 100kW system  

Flexible operation and RES support  Start-up time < 10 minutes  

 

Purpose of the document 
This document summarises implementation and results of the system safety assessment. It covers both 
the fuel cell system and the CHP integration, and it is focused on steady-state operation of the system. 
The method used in the safety assessment was Hazard and Operability Study (HAZOP). 

HAZOP study deals with the identification of potential deviations from the design intent, examination of 
their possible causes and assessment of their consequences. The performed HAZOP study is qualita-
tive, meaning that no quantitative assessment of the identified risks was carried out. 

During the HAZOP sessions the system was in the design and assembly phase. All the control and 
safety systems were not finally designed. The HAZOP study provides relevant safety related information 
for final design and for the integration work. 

 

2. Description of the studied system 
The system under consideration is shown in the PI diagram in Figure 1. The PI diagram has been 
prepared by the project partners responsible for the technical design, engineering, and construction of 
the system, i.e., BWT (Blue World Technologies) and THT (THT Control). 

System structure 
The system consists of two lightweight containers, both built on top of trailers. One of these containers 
is named as ‘Fuel cell container’ and the other one as ‘Heat container’. The boundary between these 
containers is shown by the purple line at the top of the PI diagram in Figure 1. System components in 
the upper left corner of the PI diagram have been placed in the heat container. All other system com-
ponents shown in the PI diagram are in the fuel cell container. 
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The system can be used either only with the fuel cell container or with both containers. If only the fuel 
cell container is used, then the heat energy generated in the system is transferred to the ambient air by 
means of a fan located on the roof of the container [in the PID ’Cooler on the roof’] and a cooling circuit 
connected to it [in the PID ‘External coolant’]. If the containers are connected to each other - via the 
heat circuit shown in the PI diagram - the heat energy produced by the system can be recovered and 
utilized at an external heat consumption site [in the PID the marking ’To house’ close to element ’Heat 
storage’]. 

System components located in the fuel cell container can be divided into two categories depending on 
whether they are inside a separate so called ‘Cabinet’, or outside of it. System components located 
inside the cabinet are delimited by a dashed purple line as shown in the PI diagram in Figure 1. 

System parts under review and related main components 
Those parts of the entire system, that were in the focus of the carried-out HAZOP study, are briefly 
listed. In connection with these, also the main components related to these system parts have been 
named/described as shown in the PI diagram in Figure 1. 

In the PI diagram those parts of the system that were covered in the HAZOP study can be recognized 
by their thicker drawing lines for pipelines. Note! The part of the system drawn with thick, but transparent 
orange-brown drawing line was not in the scope of the HAZOP study. This system part is related to the 
storage and feed of the start-up fuel (pure methanol), and thus was not in the scope of the study. These 
components are tank TNK-3, pump PMP-1, tank TNK-4 and pump PMP-3 in Figure 1. 

• Storage and feed of fuel (methanol-water mixture) 
[Main components in the PID: Tanks TNK-1 and TNK-5, pumps PMP-2 and PMP-4.] 

• Fuel evaporation and cathode air preheating 
[In the PID component EVP-1.] 

• Catalytic reforming of the evaporated fuel and to that related production of the required heat 
[In the PID components ‘Reformer’ and ‘Reformer burner’, abbreviation for the whole entity 
REF-1.] 

• Electricity and heat production in the fuel cell stack using reformate gas and air 
[In the PID component FCS-1.] 

• Anode-off gas supply to the reformer burner 
[In the PID the pipeline marked with orange-brown colour from FCS-1 (Anode out) to the inlet 
of the reformer burner.] 

• Air supply to the reformer burner and to the fuel cell stack 
[In the PID air compressor is marked with abbreviation COM-1, and air lines to the reformer 
burner and to the fuel cell stack (Cathode in) are marked with blue colour.] 

• Removal of reformer burner flue gas and fuel cell stack residual air out of the system 
[In the PID corresponding lines are marked with blue colour, i.e. the separate blue lines from 
the reformer burner and from FCS-1 (Cathode out) to the ‘Exhaust’.] 

• Transfer of the heat generated in the fuel cell stack and its removal from the system or its utili-
zation (with the help of internal and external cooling circuits) 
[In the PID the internal cooling circuit is shown with light green colour and the external cooling 
circuit with the black colour - Note! Also, other piping, especially in the heat container, are 
marked with black colour.] 

System operation 
In steady-state mode, the operation of the system can be briefly described as follows: 

Fuel supply pump PMP-2 pumps fuel (premixed methanol-water mixture) from the fuel supply tank TNK-
1 (volume about 250 litres) to the fuel feed tank TNK-5. The fuel level in the tank TNK-5 is remained 
approximately constant and the excess fuel is recycled back to the tank TNK-1 along its own line. The 
purpose of the two fuel tanks in the system is to ensure that air will not enter under any circumstances 
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to the fuel cell stack, especially if the tank TNK-1 would be further away from the fuel pumps in some 
use case. 

Next the fuel feed pump PMP-4 pumps the fuel to the combined fuel evaporator and air preheater EVP-
1. There the hot cooling liquid from the fuel cell stack evaporates the fuel and preheats the air that is 
then directed to the cathode of the fuel cell stack. The evaporated fuel flows next to the catalytic re-
former. There, the evaporated methanol-water mixture is converted in a multi-stage catalytic reactor, 
operating at an elevated temperature, into a form suitable for the fuel cell stack, i.e., into hydrogen-rich 
reformate gas. 

After this, the reformate gas and the preheated air flow to the fuel cell stack FCS-1, reformate gas to 
the anode side and air to the cathode side. The hydrogen in the reformate gas reacts in the fuel cell 
stack with the oxygen in the air, producing both electrical energy and heat. 

The electricity generated in the fuel cell stack is led to the DC/DC converter (in PID CON-1) and then 
to the battery included in the system. Anode-off gas i.e. that part of the reformate gas that has not 
reacted in the fuel cell is led to the reformer burner. There it burns together with the combustion air fed 
to the burner and produces the necessary heat for the reformer. Flue gas from the reformer burner and 
the residual air from the cathode side of the fuel cell stack are led out of the system through their own 
exhaust pipes. 

The excess heat generated in the fuel cell stack is led away from it by means of an internal cooling 
circuit. The internal cooling circuit releases part of the thermal energy in the combined fuel evaporator 
and air preheater EVP-1, and the rest mainly to the external cooling circuit in the heat exchanger HEX-
1. Part of the thermal energy in the internal cooling circuit is also converted into electrical energy in a 
thermoelectric generator (TEG-1 in PID). 
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Figure 1. PI diagram representing the system under study. 
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3. Description of the HAZOP study 

HAZOP method 
According to the standard IEC 61882:2016 Hazard and operability studies (HAZOP studies) – Applica-
tion guide HAZOP is a structured and systematic examination of a planned or existing process or oper-
ation to identify and evaluate problems that may represent risks to personnel or equipment or prevent 
efficient operation. A suitably experienced multidisciplinary team (HAZOP team) normally carries it out 
during a set of meetings. 

HAZOP deals with the identification of potential deviations from the design intent, examination of their 
possible causes and assessment of their consequences. HAZOP is based on the use of guidewords, 
which question how the design intention might not be achieved at each part (or at the examination point) 
of the system. The objectives of a HAZOP study are: 

• to identify potential hazards in the system, 

• to identify potential operability problems and in particular the causes of operational disturbances 
with the system. 

The primary strength of HAZOP is that it presents a systematic, disciplined, and documented approach. 
To achieve full benefits from a HAZOP study, it must be properly documented and followed up. An 
important benefit of HAZOP studies is that the resulting knowledge, obtained by identifying potential 
hazards and operability problems in a structured and systematic manner, is of great assistance in de-
termining appropriate remedial measures. 

Detailed description of the HAZOP is in the standard IEC 61882:2016. Shorter description of the method 
can be found e.g., in the standard EN 31010:2010 Risk management. Risk assessment techniques. 

Implementation of the study 
The HAZOP study was focused both on hazards that can endanger safety or health of persons (either 
system operation personnel or external people) and on deviations that can cause operational problems 
or equipment failures. The HAZOP study was restricted to steady-state operation of the system, i.e., 
start-up and shut-down sequences are excluded from the study. It was carried out in six analysis ses-
sions (each 3-4 hours) during April-May 2022. The participants from BWT (Blue World Technologies 
ApS, 1 person) and THT (THT Control Oy 1-2 persons per analysis session) were experts in the system 
design, operation, control, and integration. Representatives of VTT (VTT Technical Research Centre of 
Finland Ltd, 2-3 persons per analysis session) were experts in safety assessments and HAZOP method, 
and in fuel cell technology. 

The main system description and basis for the HAZOP study was piping and instrumentation diagrams 
(P&ID) available at the time of the study. Those were 

• System PID V6.vsd, 4th of April 2022 

• PIDFinal.vsd, 2nd of May 2022. 

The examination points of the HAZOP study are presented in Appendix A PI diagram. The points are: 

1. Fuel (methanol-water mixture) to evaporator EVP-1 

2. Fuel (methanol-water mixture) to reformer REF-1 

3. Reformate gas to fuel cell (anode in) 

4. Anode-off gas to reformer burner 

5. Air to reformer burner 

6. Flue gas (exhaust) out of reformer burner 

7. Air to fuel cell (cathode in) 

8. Air out of fuel cell 

9. Coolant liquid to fuel cell (coolant in) 

10. Coolant liquid after EVP-1 

11. External coolant liquid out of heat exchanger HEX-1. 

https://thtcontrol.com/en/etusivu-2/
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4. Results 
The results of the performed HAZOP study are presented in full in the HAZOP worksheets in Appendix 
B. The worksheets include the deviations gone through in each examination point, as well as the related 
analysis records regarding the causes (of the deviations), possible consequences, existing precautions 
(controls), suggested/required improvement actions and other comments or considerations. 

The focus of the study was on process deviations that could cause hazard either to system operators 
or other people, or to environment. In addition to these, the study also dealt with several deviations that 
were not identified to compromise safety, but whose consequences were related to the disruption of the 
system operation. Likewise, in the study were also included deviations/candidates for deviations, which 
during the analysis were ultimately judged to be, for example, irrelevant or not possible in practice. 
However, for the sake of completeness of the documentation and the whole study, such deviations and 
the related analysis records have also been included in the HAZOP worksheets in Appendix B. 

The study dealt quite comprehensively with different unwanted situations related to the various devia-
tions of the examined process (hazardous situations and various operational disruptions). The extent 
of the documentation of the performed study is about 60 pages for the actual HAZOP worksheets (see 
Appendix B) and the total number of examined deviations is 116. The number of deviations per exami-
nation point varied between 9 and 11. 

Among the identified hazardous situations, there were hardly any completely new situations, for which 
the analysis would not have identified anything from the system's current design solutions (or plans) as 
already existing measures for precaution. However, when regarding all reviewed hazardous situations, 
existing precaution was not necessarily considered sufficient in all respects and so the analysis pro-
duced moderately suggestions for improvement actions to further improve precaution. Improvement 
actions that were identified during the analysis sessions were diverse in nature. Main categories of the 
improvement actions together with some examples from these categories are given below: 

• Improvement actions that focused on the further design of the technical structure of a certain 
part of the system. 
 
An example: When making final decisions about the physical appearance of the exhaust pipe, 
the possible water condensation from the exhaust gas and the subsequent freezing of it must 
be kept in mind. Consider also adding some kind of weather protection to the end of the ex-
haust pipe (snow etc.). 
[See deviation 44 in worksheets] 

• Improvement actions that focused on adding an alarm or a safety function to the (safety) auto-
mation system. 
 
Example 1: Add to the control system alarms from small temperature differences between 
temperature measurements TI-16 and TI-17, TI-14 and TI-15, and TI-12 and TI-13. 
[See deviation 114 in worksheets] 
 
Example 2: Add system shut down triggered by PI103 high value. 
[See deviation 3 in worksheets] 

• Improvement actions that focused on the operating models at the system's operation phase. 
 
An example: Find out if the procedures for ensuring fuel quality are adequate and what is the 
possibility that the fuel concentration changes too much during fuel storage. If this is possible 
or even inevitable, develop procedures to manage the matter. 
[See deviation 5 in worksheets] 

• Improvement actions that focused on the checking of the compatibility of some system com-
ponents to the process values they will experience, e.g., pressure or temperature. 
 
An example: Check if there exist some maximum temperature level that is not allowed to ex-
ceed in the external cooling circuit when the coolant liquid flows into the components that are 
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connected to this circuit i.e. DC/DC converter, TEG-1 and HEX-1. And if such exists, for ex-
ample for the DC/DC converter, make necessary modifications to the (control) system so that 
this is never exceeded. 
[See deviation 114 in worksheets] 

• Improvement actions that were related to adding of some components into the system. 
 
An example: Consider adding check valve (non-return valve) to the anode-off gas line (just 
after the stack). (Note! Valve must be able to withstand relative high temperatures and acid 
environment.) 
[See deviation 37 in worksheets] 

When looking ahead, utilizing the information in the HAZOP worksheets in Appendix B is important, for 
example, in the future design and engineering, integration and commissioning phases of the system. It 
is particularly important that the suggested/required improvement actions that came up in the study are 
sufficiently considered. When using improvement actions recorded in the HAZOP worksheets, it is im-
portant that the user also familiarizes him-/herself with the records in other parts of the worksheets. This 
is because, one whole line in the worksheets gives the best understanding of the analysis group's re-
flections during the analysis. 

Because the HAZOP study was partly done during the system design phase, when some technical 
details, for example regarding the external connections of the system, were only at a fairly rough design 
stage (e.g. reformer burner flue gas line out, anode exhaust gas line out), it is worth noting that all 
suggested/required improvement actions in the HAZOP worksheets are not necessarily any longer 
completely relevant as such. On the other hand, it is important to note also that if any part of the system 
is changed substantially from what it was at the time of the HAZOP study, the entries in the worksheets 
will no longer be usable in the same way. 

A good design practice would be that at the point when the overall system starts to be finally ready, 
including the process system itself and the automation that controls it, the analysis done would be 
updated to comply with that system. 
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APPENDIX A - HAZOP study examination points 
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APPENDIX B - HAZOP study worksheet 
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HAZOP 
System: Micro CHP system based on HT-PEMFC technology and a methanol steam reformer, steady state operation 
Team:  Participants from companies BWT (1 person), THT (1-2 persons per session) and VTT (2-3 persons per session) 
PI-diagrams: System PID V6.vsd, 4th of April 2022 and PIDFinal.vsd, 2nd of May 2022 

Analysis session dates: 
21.4., 26.4., 3.5., 12.5., 
18.5. and 19.5.2022 

Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

1. Fuel (methanol-water mixture) to evaporator EVP-1 
 

1. No flow • Tank TNK-1 is empty. 

• Pump PMP-2 or PMP-4 not 
functioning. 

System stops functioning: No fuel 
to the reformer, no hydrogen 
(reformate gas) to the fuel cell, 
no anode-off gas to the reformer 
burner etc. System shuts down 
very quickly. 

Level indicator LI101 in tank TNK-
1. 

Pressure indicator PI103 after 
pump PMP-2. 

Low value at pressure indicator 
PI-1 triggers system shut down. 
(Has been added to monitor that 
the pump PMP-4 is indeed pump-
ing liquid.) 

Also stack voltage and current 
measurements trigger system 
shut down immediately. 

SA: Add shut down triggered by 
LI101 low level (and high level). 

SA: Add system shut down trig-
gered by PI103 low value. 

Comment: Fuel i.e. methanol-
water mixture should not freeze 
in conditions in which the system 
will be used. In the fuel there is 
54,24 wt% of methanol for which 
the freezing point is lower than -
54 °C. 



 

 13 

HAZOP 
System: Micro CHP system based on HT-PEMFC technology and a methanol steam reformer, steady state operation 
Team:  Participants from companies BWT (1 person), THT (1-2 persons per session) and VTT (2-3 persons per session) 
PI-diagrams: System PID V6.vsd, 4th of April 2022 and PIDFinal.vsd, 2nd of May 2022 

Analysis session dates: 
21.4., 26.4., 3.5., 12.5., 
18.5. and 19.5.2022 

Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

• Major leakage in fuel line be-
fore the examination point. 

Depending on the location of the 
leak some amount of methanol-
water mixture will get inside the 
container or cabinet before sys-
tem shuts down. 

Fuel entered inside the cabinet 
exits the cabinet through a drain 
hole in the bottom of the cabinet. 

Ignition of the leaked fuel is not 
considered to be likely. 

Low value at pressure indicator 
PI-1 and/or stack voltage and cur-
rent measurements trigger sys-
tem shut down. 

Drain hole in the bottom of the 
cabinet. 

High quality of piping and compo-
nents. Leakage tests after instal-
lation / before commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

SA: Add system shut down trig-
gered by PI103 low value. 

SA: Add shut down triggered by 
the rapid change in LI101 level 
(must be specified separately). 
Safety function is related to the 
situation, if there is a big leakage 
for example in the tank TNK-5 or 
in the backflow line between 
TNK-5 and TNK-2. 

SA: When the design of the sys-
tem progresses, take also into 
account leaks of liquid fuel inside 
the container but outside the ac-
tual fuel cell cabinet (e.g. mini-
mizing leaks and detecting/man-
aging them). 

Comment: Drain hole in the bot-
tom of the cabinet serves also as 
a drain route for the condensate 
generated after system shut-
down. 



 

 14 

2. Lower flow • Big enough leakage in pipe 
between tank TNK-5 and 
evaporator EVP-1, which the 
pump PMP-4 can’t compen-
sate. 

Some amount of methanol-water 
mixture will leak inside the cabi-
net before system shuts down. 

Fuel entered inside the cabinet 
exits the cabinet through a drain 
hole in the bottom of the cabinet. 

High quality of piping and equip-
ment. Leakage tests after installa-
tion / before commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Stack voltage and current meas-
urements trigger very quickly sys-
tem shutdown in case of refor-
mate gas shortage. 

SA: Take into account in the fur-
ther design of the system, 
whether the current controls, 
e.g. the drain hole in the bottom 
of the cabinet, are enough in 
case of liquid fuel leaks. Espe-
cially in case of such a small leak 
which the pump PMP-4 can com-
pensate and which doesn’t make 
any deviation on the process op-
eration. 

Comment: System control princi-
ple at the moment is that in case 
of too low reformate gas feed 
into the stack in respect to the 
electric power requested from 
the stack, the system increases 
the fuel feed (by increasing the 
rotational speed of the pump 
PMP-4) until the desired refor-
mate gas feed is achieved. Does 
this control principle alone make 
sense? Should there also be a 
control principle that the speed 
of the pump (i.e. the volume 
flow it produces) is not allowed 
to be raised without any limits? 
In other words the rotational 
speed of the pump and the elec-
tric power requested from the 
stack should always be in some 
reasonable relation to each 
other. 

3. More flow • Control failure of PMP-4. If the amount of extra fuel fed 
into the system is on such level 
that the produced reformate gas 

Situation can be detected from 
e.g.: 

Comment: Is there in the control 
system any alarm or a shut down 
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HAZOP 
System: Micro CHP system based on HT-PEMFC technology and a methanol steam reformer, steady state operation 
Team:  Participants from companies BWT (1 person), THT (1-2 persons per session) and VTT (2-3 persons per session) 
PI-diagrams: System PID V6.vsd, 4th of April 2022 and PIDFinal.vsd, 2nd of May 2022 

Analysis session dates: 
21.4., 26.4., 3.5., 12.5., 
18.5. and 19.5.2022 

Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

reacts normally at the stack (be-
cause of excess cathode air) there 
is likely no harmful consequences 
to the system. System produces 
more electrical power than the 
control system requests it to do. 

If the amount of extra fuel fed 
into the system is bigger, there 
starts to be problems in various 
parts of the system, because the 
total amount of air fed into the 
system is too low in respect to 
the fuel feed. 

• Residual oxygen value at the 
reformer burner exhaust (OI-
1) will probably decrease. 

• Difference of the actual stack 
power output vs. that one 
what the stack was asked to 
produce. 

If the air/fuel ratio is badly 
wrong, abnormal temperatures at 
the reformer burner or the re-
former itself will probably cause a 
shutdown in the first stage. 

triggered in that case if the ac-
tual stack power output is bigger 
than that one, what the stack 
was asked to produce? If not, 
should there be? 

Comment: In normal, undis-
turbed operation, when the 
amount of electrical power pro-
duced by the system is changed, 
the control software gives the 
new set points for both the fuel 
feed pump PMP-4 as well as for 
the air compressor COM-1, so 
that air-fuel ratio is in the right 
balance in all parts of the sys-
tem, like in the reformer burner 
for example. 

Comment: Amount of air at the 
stack is normally much bigger 
than the amount of required air. 
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System: Micro CHP system based on HT-PEMFC technology and a methanol steam reformer, steady state operation 
Team:  Participants from companies BWT (1 person), THT (1-2 persons per session) and VTT (2-3 persons per session) 
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Analysis session dates: 
21.4., 26.4., 3.5., 12.5., 
18.5. and 19.5.2022 

Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

• Blockage, pipe/hose bending 
etc. prevents fuel from re-
turning/flowing back from 
TNK-5 to TNK-1. 

Fuel supply pump PMP-2 starts to 
increase the fuel pressure on the 
suction side of the fuel feed 
pump PMP-4. At some point 
pump PMP-4 will probably dam-
age internally because of the high 
back pressure and the flow from 
PMP-2 will determine the flow 
rate to the system. 

There is a risk that methanol-wa-
ter mixture gets in system parts 
where it should not be. It is im-
possible to say how far fuel can 
flow. 

Pressure sensor PI-1 after pump 
PMP-4 triggers system shut down 
from high value very quickly. 

SA: Add system shut down trig-
gered by PI103 high value. 

Comment: Next start up must be 
done with extra care. 

Comment: Probably there is no 
leakage of the fuel from TNK-5 as 
it withstands the pressure rise (it 
has been pressure tested). 

4. Reverse flow Not a possible deviation, no 
cause(s) identified. 

   

5. Wrong concentra-
tion of metha-
nol/water mixture 

• Supplied premixed fuel has 
wrong concentration or fuel 
concentration changes during 
its storage at the test site 
(due to evaporation). 

Possible operational problems in 
the system. 

Currently the main existing con-
trol is based on the trust, that the 
fuel supplier provides good qual-
ity fuel. 

Comment: In the coming EM-
POWER test runs 54,24 wt% 
methanol-water mixture is used 
and methanol concentration 
should not deviate more than 1 
%-unit. 

SA: Find out if the procedures for 
ensuring fuel quality are ade-
quate and what is the possibility 
that the fuel concentration 
changes too much during fuel 
storage. If this is possible or even 
inevitable, develop procedures 
to manage the matter. 
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Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

6. Impurities in meth-
anol/water mix-
ture 

• Particulate contaminants get 
into the fuel from the fuel 
supply tank TNK-1. Origin of 
the impurities is e.g. in the ac-
tual fuel delivered or in the 
filling phase of the fuel supply 
tank. 

Possible operational problems in 
the later phases of the process, 
e.g. at the evaporator EVP-1, re-
former catalyst or even at the 
stack. Consequences depend e.g. 
on the size and the type of the 
impurities/particles. 

Filter at the beginning of the suc-
tion pipe (in the fuel supply tank 
TNK-1). 

SA: Consider adding another fil-
ter e.g. before fuel supply pump 
PMP-2. (Filter at the beginning of 
the suction pipe is quite coarse.) 

Comment: Fuel supply tank TNK-
1 must have some type of 
breathing hole, but at the same 
time it must also prevent access 
of impurities/particles into the 
tank. 

7. Wrong phase Not a relevant deviation.   Comment: Freezing point of the 
50 wt% methanol-water mixture 
is about -50 °C. (Information 
found from https://www.metha-
nol.org/, Freezing Points of 
Methanol). 

8. Lower tempera-
ture 

• Cold outdoors temperature in 
winter time. 

No harmful consequences to the 
system. 

More thermal energy is needed 
to heat e.g. the fuel to the evapo-
ration temperature, leaving less 
thermal energy to be used for ex-
ternal consumption. 

  

https://www.methanol.org/
https://www.methanol.org/
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Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

9. Higher tempera-
ture 

• Warm outdoors temperature 
in summer. 

No harmful consequences to the 
system. 

 Comment: 50 wt% methanol -
water mixture starts to boil at 
around 76 °C. (Information found 
from https://www.metha-
nol.org/, Boiling and Flash Points 
of Methanol.) 

Comment: No risk of fuel evapo-
ration before the evaporator. 

10. Lower pressure • See above: Deviation ‘Lower 
flow’  

See above: Deviation ‘Lower flow’ See above: Deviation ‘Lower flow’ 

Big enough leakage before PI-1 
will trigger system shut down (PI-
1, low value). 

See above: Deviation ‘Lower 
flow’ 

SA: The drainage point outside 
the container should be checked 
every now and then to detect 
possible small liquid fuel leak-
ages in the system. 

11. Higher pressure • See above: Deviation ‘More 
flow’; Blockage, pipe/hose 
bending etc. prevents fuel 
from returning/flowing back 
from TNK-5 to TNK-1. 

   

https://www.methanol.org/
https://www.methanol.org/
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Deviation Causes Consequences Existing controls  
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2. Fuel (methanol-water mixture) to reformer REF-1 
 

12. No flow • Major leakage / rupture in 
pipe between evaporator 
EVP-1 and reformer REF-1 
(was assessed however very 
unlikely, even unrealistic). 

Some amount of evaporated fuel 
enters into the air space inside 
the cabinet. 

Reformate gas flow into the fuel 
cell interrupts. 

High quality of piping and compo-
nents (e.g. Hy-Lok fittings). Leak-
age tests after installation / be-
fore commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Effective forced ventilation of the 
cabinet. 

Stack voltage and current meas-
urements trigger very quickly sys-
tem shutdown in case of inter-
ruption of reformate gas flow. 

Comment: Total fuel flow block-
age in fuel evaporator EVP-1 and 
fuel leak from it were assessed 
as unrealistic. 

Comment: Effective forced venti-
lation of the cabinet and the 
quick system shutdown in case 
of fuel leakage are the main 
means to prevent the formation 
of an explosive gas mixture. 
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13. Lower flow • Big enough leakage in pipe 
between evaporator EVP-1 
and reformer REF-1, which 
the pump PMP-4 can’t com-
pensate. 

Evaporated fuel enters into the 
air space inside the cabinet. Situ-
ation can be long lasting. 

Pump PMP-4 increases the flow 
rate to compensate the lower 
flow. 

High quality of piping and equip-
ment (e.g. Hy-Lok fittings). Leak-
age tests after installation / be-
fore commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Effective forced ventilation of the 
cabinet. 

Stack voltage and current meas-
urements trigger very quickly sys-
tem shutdown in case of refor-
mate gas shortage. 

Comment: Fuel leak from fuel 
evaporator EVP-1 was assessed 
as unrealistic. 

Comment: System control princi-
ple at the moment is that in case 
of too low reformate gas feed 
into the stack in respect to the 
electric power requested from 
the stack, the system increases 
the fuel feed (by increasing the 
rotational speed of the pump 
PMP-4) until the desired refor-
mate gas feed is achieved. Does 
this control principle alone make 
sense? Should there also be a 
control principle that the speed 
of the pump (i.e. the volume 
flow it produces) is not allowed 
to be raised without any limits? 
In other words the rotational 
speed of the pump and the elec-
tric power requested from the 
stack should always be in some 
reasonable relation to each 
other. 

Comment: Effective forced venti-
lation of the cabinet and the 
quick system shutdown in case 
of fuel leakage are the main 
means to prevent the formation 
of an explosive gas mixture. 

14. More flow • Not a possible deviation only 
at this point, see examination 
point 1 / more flow. 
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Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

15. Reverse flow As a deviation that lasts a little bit 
longer, the deviation was as-
sessed as unrealistic. Reverse 
flow situation can occur only mo-
mentarily due to e.g. major leak-
age / rupture in pipe between 
evaporator EVP-1 and reformer 
REF-1 (See examination point 2 / 
No flow). 

See examination point 2 / No 
flow 

See examination point 2 / No 
flow 

SA: When designing the re-
former burner exhaust pipe, take 
into consideration that wind con-
ditions near the pipe end do not 
cause a reverse flow situation. 

16. Wrong concentra-
tion (metha-
nol/water mixture) 

Not a possible deviation only at 
this point, see examination point 
1 / wrong concentration. 

   

17. Impurities in meth-
anol/water mix-
ture 

Not a possible deviation only at 
this point, see examination point 
1 / impurities in methanol/water 
mixture. 

  Comment: Release of impurities 
from the evaporator EVP-1 as-
sessed as unrealistic (simple de-
sign of evaporator, long opera-
tional experience). 

18. Wrong phase • Not a possible deviation due 
to system dynamics and the 
positioning of the evaporator 
even though there would be 
no oil flow from the stack to 
the evaporator: EVP-1 forms 
together with the stack one 
unit and the heat conduction 
from the stack to the evapo-
rator can alone take care 
about fuel evaporation until 
the system shuts down. 

In case there is no oil flow from 
the stack to the evaporator, also 
the coolant oil flow to the stack 
stops soon, and the stack temper-
atures start to increase, which 
also trigger system shut down. 

Positioning of the evaporator in 
relation to the stack: Heat con-
duction from the stack to the 
evaporator can alone take care 
about fuel evaporation. 

Oil circuit pressure sensor PI-3 
triggers system shut down from 
low pressure (no cooling oil circu-
lation). 

Stack temperature sensor(s) (not 
shown in PID) trigger system shut 
down from high temperature. 

Comment: Temperature of the 
stack and the oil inside it, is 
about 170 °C and the needed 
evaporation temperature of the 
fuel is (only) about 69 °C. 
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Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

19. Lower tempera-
ture 

• In cold weather the tempera-
ture in the whole cabinet, and 
in the various parts of the sys-
tem will decrease to some ex-
tent as the ventilation air is 
cold(er). Not a very relevant 
deviation. 

Just minor decrease in fuel tem-
perature, no harmful conse-
quences. No risk to reach the fuel 
condensation temperature about 
69 °C. 

Main consequence of the colder 
ventilation air takes place in the 
behaviour of TEG-1 and HEX-1: 
There is less thermal energy to 
get utilized by them. 

Fuel pipes are insulated. Comment: Also other pipes than 
fuel pipes are insulated. 

Comment: Would it possible/ap-
propriate to lower the ventila-
tion power or redirect ventila-
tion air somehow during very 
cold outside temperatures? 

20. Higher tempera-
ture 

Not a relevant deviation. Espe-
cially in this case when the sys-
tem is installed in Finland and in 
Finnish climate conditions. Even 
in warmer climate conditions the 
deviation would still be not rele-
vant. 

   

21. Lower pressure It is not realistic/possible that the 
deviation occurs alone/only at 
the examination point. See 
above: deviation ‘Lower flow’. 

See above: deviation ‘Lower 
flow’. 

See above: deviation ‘Lower 
flow’. 

See above: deviation ‘Lower 
flow’. 
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Deviation Causes Consequences Existing controls  
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Suggested/required actions, 
comments 

22. Higher pressure Not a relevant deviation, because 
it was not identified any plausible 
cause for it. For example increase 
of the reformer flow resistance / 
reformer blockage was assessed 
as unrealistic. 

  Comment: Purity of the used 
fuel i.e. methanol-water mixture 
is of course important for the 
functioning of the reformer as 
well as for the functioning of the 
whole system. So no residuals of 
for example diesel must not be 
present in the fuel system. These 
could cause e.g. the clog up of 
the reformer. See also examina-
tion point 1, deviation ‘Impuri-
ties in methanol/water mixture’. 
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3. Reformate gas to fuel cell (anode in) 
 

23. No flow • Major leakage / rupture in 
pipe between reformer REF-1 
and stack (was assessed how-
ever very unlikely, even unre-
alistic) 

Small amount of hydrogen rich 
reformate gas enters into the air 
space inside the cabinet. 

Reformate gas flow into the fuel 
cell interrupts. 

High quality of piping and compo-
nents (e.g. Hy-Lok fittings). Leak-
age tests after installation / be-
fore commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Effective forced ventilation of the 
cabinet. 

Stack voltage and current meas-
urements trigger very quickly sys-
tem shutdown in case of inter-
ruption of reformate gas flow. 

No ignition sources (sparks, hot 
enough surfaces) present in the 
cabinet. 

Gas and fire detectors in the con-
tainer around the cabinet.  

Comment: Auto-ignition temper-
ature of H2 ≈ 560 °C. 

Comment: Effective forced venti-
lation of the cabinet and the 
quick system shutdown in case 
of fuel leakage are the main 
means to prevent the formation 
of an explosive gas mixture. 
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24. Lower flow • Big enough leakage in pipe 
between reformer REF-1 and 
stack, which the pump PMP-4 
can’t compensate. 

Hydrogen rich reformate gas en-
ters into the air space inside the 
cabinet. Situation can be long 
lasting. 

Pump PMP-4 increases the flow 
rate to compensate the lower 
flow. 

High quality of piping and compo-
nents (e.g. Hy-Lok fittings). Leak-
age tests after installation / be-
fore commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Effective forced ventilation of the 
cabinet. 

No ignition sources (sparks, hot 
enough surfaces) present in the 
cabinet. 

Gas and fire detectors in the con-
tainer around the cabinet. 

Stack voltage and current meas-
urements trigger very quickly sys-
tem shutdown in case of refor-
mate gas shortage. 

Comment: Auto-ignition temper-
ature of H2 ≈ 560 °C. 

Comment: System control princi-
ple at the moment is that in case 
of too low reformate gas feed 
into the stack in respect to the 
electric power requested from 
the stack, the system increases 
the fuel feed (by increasing the 
rotational speed of the pump 
PMP-4) until the desired refor-
mate gas feed is achieved. Does 
this control principle alone make 
sense? Should there also be a 
control principle that the speed 
of the pump (i.e. the volume 
flow it produces) is not allowed 
to be raised without any limits? 
In other words the rotational 
speed of the pump and the elec-
tric power requested from the 
stack should always be in some 
reasonable relation to each 
other. 

Comment: Effective forced venti-
lation of the cabinet and the 
quick system shutdown in case 
of fuel leakage are the main 
means to prevent the formation 
of an explosive gas mixture. 
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25. More flow • Not a possible deviation only 
at this point, see examination 
point 1 / more flow. 

   

26. Reverse flow As a deviation that lasts a little bit 
longer, the deviation was as-
sessed as unrealistic / not possi-
ble. Reverse flow situation can 
occur only momentarily due to 
e.g. major leakage / rupture in 
pipe between reformer REF-1 and 
stack (See examination point 3 / 
No flow). 

See examination point 3 / No 
flow 

See examination point 3 / No 
flow 

SA: When designing the re-
former burner exhaust pipe, take 
into consideration that wind con-
ditions near the pipe end do not 
cause a reverse flow situation. 

27. Other/wrong com-
position 

• Too low H2 content in the 
reformate gas due to wrong 
reformer temperature(s) or 
due to catalyst problems (ear-
lier problems in the operation 
of the reformer, wrong tem-
perature levels etc.). 

• Too high CO content in the 
reformate gas due to wrong 
reformer temperature(s) or 
due to catalyst problems (ear-
lier problems in the operation 
of the reformer, wrong tem-
perature levels etc.). 

Operational, not safety related 
consequences: Power obtained 
from the fuel cell remains small 
compared to the amount of fuel 
fed. 

 

 

Operational, not safety related 
consequences: CO poisoning of 
the fuel cell stack. In long run poi-
soning reduces stack perfor-
mance and shortens its lifetime. 

Temperature sensors TI-7, TI-8 
and TI-9 in the reformer trigger 
system shut down from too low 
and too high temperatures. 

CO poisoning of the fuel cell stack 
may be seen from the stack volt-
age and current measurements. 

Comment: After the reformer 
has passed the FAT tests (factory 
acceptance tests), the reformer 
as well as the bigger system units 
into which it is integrated during 
various assembly phases are 
carefully sealed to maintain the 
functionality of the reformer un-
til its operation phase (i.e. to 
avoid contact with air). 
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28. Impurities/parti-
cles in reformate 
gas 

Unrealistic deviation only at this 
point, see examination point 1 / 
impurities in methanol/water 
mixture. 

  Comment: BWT’s experience 
from its reformers is, that there 
does not exist release of any par-
ticles or other impurities to the 
reformate flow. And if something 
similar were to happen, the 
dense mesh-like structure of the 
reformer catalyst would prevent 
the particles from advancing. 
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29. Wrong phase • Reformate gas temperature in 
the pipe between reformer 
REF-1 and the stack goes low 
enough so that water vapour 
in the reformate gas starts to 
condensate. Low gas temper-
ature as a result of very low 
outdoor temperature and the 
resulting low ventilation air 
temperature. 

Water droplets enter into the 
stack with the reformate gas. 
Droplets can plug some internal 
channels at the stack, causing the 
performance of the fuel cell to re-
duce (reduced power output). 
Performance of the fuel cell re-
turns to normal as soon as the 
droplets are managed to get rid 
off/disappear. 

Insulation of the pipe. 

Pipe as short as possible (about 
30 cm). 

Temperature indicators TI-5 and 
TI-2 (added only for data logging 
purposes, i.e. to get information 
on the possible existence of this 
phenomenon). 

Stack voltage and current meas-
urements trigger system shut-
down in case of stack operation is 
disturbed too much. 

(Also temperature sensors TI-7, 
TI-8 and TI-9 in the reformer, and 
TI-6 in the reformer burner trig-
ger system shut down from too 
low temperatures.) 

Comment: BWT has not had so 
far experience on reformate gas 
water vapour condensation, but 
because the EMPOWER unit 
might operate in colder tempera-
tures than BWT’s units ever be-
fore, there can be higher proba-
bility for this phenomenon. 
Based on the experience gained 
from the systems so far the 
reformate gas temperature be-
fore the stack has been in cold 
environments around 120-130 
°C. Normally this temperature is 
about 160 °C, whereas the maxi-
mum temperature of the refor-
mate gas just after the reformer 
is around 200 °C. Water in the 
reformate gas starts to conden-
sate at around 100 °C. 

Comment: It is not yet decided if 
there will be located a tempera-
ture sensor(s) in the cabinet to 
measure the temperature level 
inside it. 

Comment: There will be temper-
ature measurements to measure 
the outdoor temperature as well 
as the temperature inside the 
container. 

Comment: Lower limits, related 
to measurements TI-6, TI-7, TI-8 
and TI-9 that trigger system shut-
down, are not yet decided. 
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30. Lower tempera-
ture 

• Reformate gas temperature in 
the pipe between reformer 
REF-1 and the stack goes low 
as a result of low outdoor 
temperature and the resulting 
low ventilation air tempera-
ture. 

• Temperature of the reformate 
gas leaving the reformer is 
too low as the temperature(s) 
in the reformer are on too low 
level. 

From the point of view of the 
stack and the whole system lower 
temperature of the reformate gas 
is not a problem as long as the 
water in the reformate gas does 
not start to condensate and as 
long as the reformate gas compo-
sition is what it should be. See 
above deviations ‘Wrong phase’ 
and ‘Other/wrong composition’. 

See above deviations ‘Wrong 
phase’ and ‘Other/wrong compo-
sition’. 

See above deviations ‘Wrong 
phase’ and ‘Other/wrong com-
position’. 

31. Higher tempera-
ture 

• Only cause for a higher tem-
perature is that the tempera-
ture of the reformate gas 
leaving the reformer is too 
high as the temperature(s) in 
the reformer are on too high 
level. This could be caused 
e.g. by too low air feed to the 
reformer burner. 

Too high temperature can dam-
age the reformer. 

Also operational problems in the 
stack are possible as the refor-
mate gas composition may be out 
of allowed limits See also devia-
tion ‘Other/Wrong composition’. 

Temperature sensors TI-7, TI-8 
and TI-9 in the reformer trigger 
system shut down from too high 
temperatures. 

Temperature sensor TI-6 in the 
reformer burner trigger system 
shut down from too high temper-
ature. 

Comment: Normally reformate 
gas maximum temperature just 
after the reformer is around 200 
°C. 

Comment: Upper limits, related 
to measurements TI-6, TI-7, TI-8 
and TI-9 that trigger system shut-
down, are not yet decided. 

32. Lower pressure It is not realistic/possible that the 
deviation occurs alone/only at 
the examination point. See 
above: deviation ‘Lower flow’. 

See above: deviation ‘Lower 
flow’. 

See above: deviation ‘Lower 
flow’. 

See above: deviation ‘Lower 
flow’. 

Comment: In general, the pres-
sure level at this point is mainly 
related to the amount of fuel 
pumped into the system. 
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33. Higher pressure • Either too big fuel flow into 
the system or a partial block-
age of the reformer burner 
exhaust pipe (e.g. due to wa-
ter condensation and icing). 
See examination point 1 
‘More flow’ and examination 
point 6 ‘Higher pressure‘. 

See examination point 1 ‘More 
flow’ and examination point 6 
‘Higher pressure‘. 

See examination point 1 ‘More 
flow’ and examination point 6 
‘Higher pressure‘. 

See examination point 1 ‘More 
flow’ and examination point 6 
‘Higher pressure‘. 

Comment: In general, the pres-
sure level at this point is mainly 
related to the amount of fuel 
pumped into the system. 

4. Anode-off gas to reformer burner 
 

34. No flow • Major leakage in the anode-
off gas pipe.  

Combustion in reformer burner 
ends very quickly and the burner 
temperature decreases rapidly 
(air flow to the burner still contin-
ues). 

Some amount of anode-off gas 
enters into the air space inside 
the cabinet. (H2 concentration of 
the released gas is low, about 2 
wt%). 

Also fuel reformation ends/grad-
ually ceases in the reformer. 

High quality of piping and compo-
nents (e.g. Hy-Lok fittings). Leak-
age tests after installation / be-
fore commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Effective forced ventilation of the 
cabinet. 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down (low temperature). 

Comment: High and low temper-
ature levels (triggering shut 
down) related to temperature in-
dicator TI-6 (as well as to indica-
tors TI-7…TI-9) are not yet de-
cided. 

Comment: Effective forced venti-
lation of the cabinet and the 
quick system shutdown in case 
of fuel leakage are the main 
means to prevent the formation 
of an explosive gas mixture. 

Comment: At this stage, there 
are no other planned measures, 
to ensure that the forced ventila-
tion of the cabinet is on, than the 
sound induced by the ventila-
tion. 
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35. Lower flow • Minor leakage in the anode-
off gas pipe. 

Anode-off gas enters into the air 
space inside the cabinet. Situa-
tion can be long lasting. (H2 con-
centration of the released gas is 
low, about 2 wt%). 

Reformer burner temperature 
drops. May or may not trigger 
system shut down, depends on 
the size of the leakage. 

High quality of piping and compo-
nents (e.g. Hy-Lok fittings). Leak-
age tests after installation / be-
fore commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Effective forced ventilation of the 
cabinet. 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down (if reformer burner temper-
ature decreases low enough). 

Comment: Effective forced venti-
lation of the cabinet and the 
quick system shutdown in case 
of fuel leakage are the main 
means to prevent the formation 
of an explosive gas mixture. 

Comment: At this stage, there 
are no other planned measures, 
to ensure that the forced ventila-
tion of the cabinet is on, than the 
sound induced by the ventila-
tion. 

36. More flow No causes identified that would 
cause the deviation considered at 
this examination point. 

   

37. Reverse flow • Major leakage / rupture in an-
ode-off gas pipe, (or in the 
pipe before the stack, i.e. in 
the reformate gas pipe for ex-
ample). Deviation can occur 
only momentarily. 

Burner flame can direct for a very 
short moment towards anode-off 
gas pipe (backfire). It goes how-
ever quickly out because anode 
off gas does not contain O2. 

High quality of piping and compo-
nents (e.g. Hy-Lok fittings). Leak-
age tests after installation / be-
fore commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Effective forced ventilation of the 
cabinet. 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down (low temperature). 

SA: Consider adding check valve 
(non-return valve) to the anode-
off gas line (just after the stack). 
(Note! Valve must be able to 
withstand relative high tempera-
tures and acid environment.) 

Comment: There is no optical 
flame detector in the reformer 
burner. 
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38. Wrong composi-
tion 

• Blockage of some fuel side 
flow channels in the stack be-
cause of 
o preceding/simultaneous 

stack operational failure 
e.g. too high temperature 
in the stack 

o (poor quality of stack bipo-
lar plates because of poor 
manufacturing). 

Smaller proportion of reformate 
gas H2 reacts in the stack leading 
to increased H2 concentration in 
the anode-off gas. 

Power output of the stack de-
creases. Increased H2 concentra-
tion in the anode-off gas raises 
the reformer burner tempera-
ture. 

Reformer burner temperature in-
dicator TI-6 may trigger system 
shut down from high tempera-
ture. 

Stack voltage and current meas-
urements may trigger system 
shut down. 

Comment: Possible poor quality 
of bipolar plates would be identi-
fied already in the first test runs 
of the system (if not earlier) 

39. Impurities/parti-
cles in anode-off 
gas 

• Phosphoric acid, that is pre-
sent in the stack membrane, 
releases over time in very 
small concentrations from the 
membrane to the anode off-
gas flow. Release of phos-
phoric acid is a natural phe-
nomenon that takes place in 
the stack. 

Phosphoric acid does not cause 
any harm to the system after the 
fuel cell, i.e. anode off-gas pipe, 
reformer burner etc. It does not 
react in the burner, so there is 
some amount of it in the exhaust 
gas, making it little acidic, but 
that is not a problem. 

 Comment: In case water would 
be condensated from the re-
former burner exhaust and recir-
culated to the process, phos-
phoric acid would be a problem 
from the point of view of the uti-
lization of the condensated wa-
ter. 

Comment: Phosphoric acid also 
leaves the stack via cathode out-
let. 

Comment: In general lost phos-
phoric acid could be added back 
to the membrane e.g. by adding it 
in to the fuel or air. This is not 
however planned to do in the Em-
power project. 



 

 33 

HAZOP 
System: Micro CHP system based on HT-PEMFC technology and a methanol steam reformer, steady state operation 
Team:  Participants from companies BWT (1 person), THT (1-2 persons per session) and VTT (2-3 persons per session) 
PI-diagrams: System PID V6.vsd, 4th of April 2022 and PIDFinal.vsd, 2nd of May 2022 

Analysis session dates: 
21.4., 26.4., 3.5., 12.5., 
18.5. and 19.5.2022 

Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

40. Wrong phase • Not a relevant deviation, as it 
was not identified any plausi-
ble cause for it. For example 
the condensation of the wa-
ter in the anode-off gas is not 
possible in the temperatures 
of the anode-off gas (about 
160-180 °C, 160 °C at the re-
former burner inlet). 

 Anode-off gas pipe quite short, 
only about 30 cm. 

Comment: Water content in the 
anode-off gas is about 15 w-%. 

41. Lower tempera-
ture 

• Not a relevant deviation, as it 
was not identified any plausi-
ble cause for it. Even in win-
ter, when the ambient tem-
perature and the air used for 
the cabinet ventilation can be 
at quite low level, e.g. -40 °C, 
system was assumed to work 
without problems like water 
condensation in the anode-
off gas (see above). 

 Anode-off gas pipe quite short, 
only about 30 cm. 
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42. Higher tempera-
ture 

• Stack temperature increase 
because of problems in stack 
cooling by the coolant liquid 
circulation 
o Operation problems in 

coolant liquid circulation 
pump PMP-5. 

o Leakage in the internal 
cooling circuit. 

o Problems in heat transfer 
to the external cooling cir-
cuit (in HEX-1, TEG-1 etc.). 

No harmful consequences for the 
reformer burner and the subse-
quent process components. 

Unwanted consequences possible 
to the stack. 

Temperature indicator TI-3 at the 
internal cooling circuit triggers 
shut down (high temperature). 

Pressure sensor PI-3 (after cool-
ant liquid circulation pump PMP-
5) triggers shut down (low pres-
sure). 

SA: The drainage point outside 
the container should be checked 
every now and then to detect 
possible liquid leakages in the 
system. 

Comment: As the fuel evapora-
tor EVP-1 and the stack are at-
tached to each other and there is 
remarkable heat conduction be-
tween these, TI-3 will record a 
temperature increase also in 
case of a total loss of stack cool-
ing (e.g. due to a major coolant 
liquid leakage between the 
pump PMP-5 and the stack). 
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43. Lower pressure • Minor leakage in the anode-
off gas pipe. 

Anode-off gas enters into the air 
space inside the cabinet. Situa-
tion can be long lasting. (H2 con-
centration of the released gas is 
low, about 2 wt%). 

Reformer burner temperature 
may drop. May or may not trigger 
system shut down, depends on 
the size of the leakage. 

High quality of piping and compo-
nents (e.g. Hy-Lok fittings). Leak-
age tests after installation / be-
fore commissioning. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Effective forced ventilation of the 
cabinet. 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down (if reformer burner temper-
ature decreases low enough). 

Comment: Pressure levels in the 
different parts of the system are 
(more or less) as constant and 
they are not known very pre-
cisely beforehand, but instead 
they will be determined by the fi-
nal physical structure of the sys-
tem. The amount of fuel fed into 
the system affects slightly on the 
pressure levels. 

Comment: Effective forced venti-
lation of the cabinet and the 
quick system shutdown in case 
of fuel leakage are the main 
means to prevent the formation 
of an explosive gas mixture. 

Comment: At this stage, there 
are no other planned measures, 
to ensure that the forced ventila-
tion of the cabinet is on, than the 
sound induced by the ventila-
tion. 
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44. Higher pressure • Blockage of the exhaust pipe 
due to condensation of the 
water and the subsequent 
freezing of it. 

At least operational conse-
quences. 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down (low temperature). 

Stack voltage and current meas-
urements trigger very quickly sys-
tem shutdown in case there are 
e.g. problems to provide enough 
reformate gas to the stack. 

SA: When making final decisions 
about the physical appearance of 
the exhaust pipe, the possible 
water condensation from the ex-
haust gas and the subsequent 
freezing of it must be kept in 
mind. Consider also adding some 
kind of weather protection to 
the end of the exhaust pipe 
(snow etc.). 

Comment: Temperature of the 
reformer burner exhaust after 
the burner is about 300 °C, so 
freezing is not expected. 

5. Air to reformer burner 
 

45. No air flow • Air compressor COM-1 does 
not work or airline is de-
tached near the compressor 
(before T-branch). 

Combustion in the reformer 
burner stops causing burner tem-
perature to decrease. 

Air flow to the stack stops. 

Stack voltage and current meas-
urements trigger system shut 
down immediately. 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down from the low value (in few 
seconds). 
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• Control failure/power failure 
of the valve DLA-1 (valve de-
fault setting in a power failure 
= closed (fail-closed). 

Combustion in the reformer 
burner stops causing burner tem-
perature to decrease. 

Pressure increases in the burner 
airline. 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down from the low value (in few 
seconds). 

Comment: The amount of flam-
mable anode-off gas that will re-
lease from the reformer burner 
exhaust to the ambient air in 
case air flow to the reformer 
burner stops suddenly, was as-
sessed so low and the event so 
momentary, that it was not iden-
tified any specific requirements 
for the reformer burner exhaust 
pipe (e.g. related to its location). 

Comment: Also pressure indica-
tor PI-2 indicates the situation 
(increased pressure) but it does 
not trigger shut down. 

• Reformer burner airline is de-
tached e.g. at the T-branch. 

Combustion in the reformer 
burner stops causing burner tem-
perature to decrease. 

The stack gets some air, but prob-
ably not the required amount 
(part of cathode air finds an eas-
ier flow path). 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down from the low value (in few 
seconds). 

Stack voltage and current meas-
urements may trigger system 
shut down (depending on the 
amount of air that the stack gets). 
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46. Lower flow • Control failure of valve DLA-1. 

• Leakage in air tube connec-
tion, e.g. after the valve DLA-
1. 

Temperature in the reformer 
burner decreases because there 
is not enough O2 for the complete 
combustion of the anode-off gas. 

If the lack of O2 in the reformer 
burner is only small and system 
shut down is not triggered, there 
is some amount of flammable 
gases in the reformer burner ex-
haust. 

Reformer burner temperature in-
dicator TI-6 may trigger system 
shut down from the low value 
(depending on what is the O2 
shortage at the reformer burner). 

Comment: Temperature indica-
tor TI-6 high and low values re-
lated to alarms and shut downs 
are not yet determined. 

Comment: The O2/anode-off gas 
ratio is kept near stoichiometric 
in order to keep the temperature 
in the reformer burner as high as 
possible. 

• Compressor COM-1 malfunc-
tion / does not work properly. 

System as a whole does not get 
enough air to be used in the stack 
and at the reformer burner. 

Temperature in the reformer 
burner starts to decrease if there 
is not enough O2 for the complete 
combustion of the anode-off gas. 

The stack gets some air, but prob-
ably not the required amount. 

Stack voltage and current meas-
urements trigger system shut 
down probably at some point af-
ter the start of the deviation. 
Shut down can be also immedi-
ate, if O2 shortage at the stack is 
big enough. 

Reformer burner temperature in-
dicator TI-6 may trigger system 
shut down from the low value 
(depending on what is the O2 
shortage at the reformer burner). 
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47. More flow • Control failure of valve DLA-1. Excess air decreases the reformer 
burner temperature. Operation 
related consequences (i.e. system 
shutdown) possible if the amount 
of excess air is big enough and/or 
its temperature is low enough i.e. 
for example in case that the 
event takes place during cold 
weather conditions. 

Reformer burner temperature in-
dicator TI-6 may trigger system 
shut down from the low value. 

 

• Malfunction / control failure 
of valve THV-1 (valve closes). 

Air flow to the stack stops / de-
creases to minimum. 

Reformer burner excess air de-
creases the reformer burner tem-
perature that may also have op-
eration related consequences (i.e. 
system shutdown). 

Stack voltage and current meas-
urements trigger system shut 
down immediately. 

Reformer burner temperature in-
dicator TI-6 may trigger system 
shut down from the low value. 

Comment: Default setting of the 
valve THV-1 in a power failure: 
Fail-closed. 
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• Compressor COM-1 control 
failure. 

Excess air decreases the reformer 
burner temperature. Operation 
related consequences (i.e. system 
shutdown) possible if the amount 
of excess air is big enough and/or 
its temperature is low enough i.e. 
for example in case that the 
event takes place during cold 
weather conditions. 

Excess air is not likely a problem 
from the stack point of view. 

Both valves in the air system (i.e. 
DLA-1 and THV-1) try to limit the 
air flow to the reformer burner 
and to the stack in case compres-
sor COM-1 is providing too much 
air. 

Reformer burner temperature in-
dicator TI-6 may trigger system 
shut down from the low value. 

 

48. Wrong composi-
tion 

• There is a (small) leakage of 
evaporated fuel, reformate 
gas, or anode-off gas inside 
the cabinet, causing flamma-
ble gases to enter to the air 
intake of the compressor (due 
to planned location of the air 
intake inside the cabinet). 

Air sucked by the compressor 
contains flammable gases. 

See suggested/required action SA: Consider to locate the air in-
take point of the compressor in-
side the cabinet to that cabinet 
side, from where the ventilation 
air is blown into the cabinet. (So 
far compressor air intake has 
been planned to be somewhere 
inside the cabinet.) 

Comment: Liquid fuel leakage is 
not a problem in respect to this 
deviation because of the drain at 
the bottom of the cabinet. 
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49. Impurities or parti-
cles in air 

No cause identified (because of 
existing controls). 

 Filter FIL-1 attached to air com-
pressor COM-1. 

Filters in the both ventilation air 
openings in the cabinet. 

 

50. Lower tempera-
ture 

• Very cold outdoor tempera-
ture in winter, e.g. -40 °C. 

There should be no harmful con-
sequences in any case for the re-
former burner / its operation.  

If needed more fuel (MeOH/wa-
ter) can be fed into the system, in 
order to produce a little bit more 
anode-off gas. 

Comment: Temperature increase 
in the compressor COM-1 is 
about 50-60 °C. 

Comment: If the fuel feed needs 
to be increased, reduces it 
slightly the overall efficiency of 
the system. 

51. Higher tempera-
ture 

• Very warm/hot outdoors tem-
perature (around +30 °C or 
more). 

There should be no harmful con-
sequences in any case for the re-
former burner / its operation. 

Reformer burner temperature in-
dicator TI-6 triggers shut-down if 
temperature increases too high. 

Comment: Temperature indica-
tor TI-6 high (and low) values re-
lated to alarms and shut downs 
are not yet determined. 
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52. Lower pressure • Compressor COM-1 malfunc-
tion / does not work properly. 

Temperature in the reformer 
burner may decrease if the 
burner does not get enough O2 
for the complete combustion of 
the anode-off gas. 

If the lack of O2 in the reformer 
burner is only small and system 
shut down is not triggered, there 
is some amount of flammable 
gases in the reformer burner ex-
haust. 

Pressure indicator PI-2. 

Mass flow indicator MI-2 triggers 
system shut down if it detects 
low enough air flow. 

 

• Control failure of valve DLA-1. Temperature in the reformer 
burner may decrease if the 
burner does not get enough O2 
for the complete combustion of 
the anode-off gas. 

If the lack of O2 in the reformer 
burner is only small and system 
shut down is not triggered, there 
is some amount of flammable 
gases in the reformer burner ex-
haust. 

Reformer burner temperature in-
dicator TI-6 may trigger system 
shut down from the low value 
(depending on what is the O2 
shortage at the reformer burner). 

 

53. Higher pressure • Compressor COM-1 malfunc-
tion  

See examination point 5 / More 
flow 

See examination point 5 / More 
flow 

Comment: Also pressure indica-
tor PI-2 indicates the situation 
(increased pressure) but it does 
not trigger shut down. 

Comment: No causes identified 
for the blockage of the exhaust 
pipe. 
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6. Flue gas (exhaust) out of reformer burner 
 

54. No flow • Exhaust pipe detached from 
the reformer burner, consid-
ered very unlikely. 

Hot flue gas at a temperature of 
about 300 °C is released inside 
the cabinet. Flue gas mixes with 
the ventilation air and flows out 
of the cabinet with it. 

Compressor COM-1 may suck in 
flue gas → amount of air fed into 
the reformer burner decreases → 
temperature of the burner may 
decrease (depending on the 
amount of flue gas within the re-
former burner combustion air). 

HyLok connection between ex-
haust pipe and reformer burner. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Reformer burner temperature in-
dicator TI-6 may trigger system 
shut down from low tempera-
ture. 

Effective forced ventilation of the 
cabinet. 

In case situation is suspected, re-
former burner oxygen sensor OI-1 
can be used to help to identify 
the situation. 

SA: Consider to locate the air in-
take point of the compressor in-
side the cabinet to that cabinet 
side, from where the ventilation 
air is blown into the cabinet. 

SA: Consider regular check-ups 
of the system, for example in 
connection with the fuel tank fill-
ing. 

Comment: There are no warn-
ings or shut downs triggered by 
oxygen sensor OI-1. 

Comment: It was assessed that 
flue gas release inside the cabi-
net should have no harmful con-
sequences, because it dilutes so 
much with the forced ventilation 
air, and its temperature outside 
the cabinet is not any more that 
high, it could cause burning inju-
ries. 

55. Lower flow • Minor leakage in the exhaust 
pipe (see deviation No flow 
above). 

Hot flue gas at a temperature of 
about 300 °C is released inside 
the cabinet → mixing with venti-
lation air → flows out of the cabi-
net with it (see above). 

See deviation No flow above. See deviation No flow above. 
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56. More flow No causes identified that would 
cause the deviation only at this 
examination point. 

   

57. Reverse flow • Deviation considered as very 
unlikely. The only possible 
identified any type of cause 
was related to a situation that 
a strong wind blows directly 
to the exhaust pipe. 

  SA: When designing the re-
former burner exhaust pipe, take 
into consideration that wind con-
ditions near the pipe end do not 
cause a reverse flow situation. 
Also take into account the 
weather conditions at the end of 
the pipe (rain, snow, icing etc.). 
Suggested action relevant also 
for the other system exhaust (i.e. 
cathode out). 

Comment: Routing and place-
ment of the both exhaust pipes 
(reformer burner exhaust and 
cathode out) have not been de-
signed yet. 
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58. Wrong composi-
tion 

No causes identified that would 
cause the deviation only at this 
examination point. Wrong com-
position is due to deviations in 
earlier examination points (see 
e.g. deviations No flow, Lower 
flow and More flow in examina-
tion points 4 and 5). 

See e.g. deviations No flow, 
Lower flow and More flow in ex-
amination points 4 and 5. 

See e.g. deviations No flow, 
Lower flow and More flow in ex-
amination points 4 and 5. 

Comment: It was not identified 
any cause that could lead to a 
sudden interruption in anode-off 
gas feed to the reformer burner 
and its rapid continuation (i.e 
rapid extinguishing and re-igni-
tion of the flame). Thus the ex-
plosion of the anode-off gas in 
the reformer burner during nor-
mal operation was assessed as 
very unlikely. Scenario might be 
more realistic e.g. in a mobile ap-
plication. 

59. Impurities or parti-
cles in flue gas 

No causes identified.    

60. Other phase • Water condensation and pos-
sible icing in the exhaust pipe. 
Phenomena likely more prob-
able at that part of the pipe 
that is located outside the 
cabinet. 

At least operational conse-
quences if water condensation or 
freezing occurs and if these are 
not adequately taken into ac-
count. 

 RA: When designing the re-
former burner exhaust pipe, take 
into consideration possible water 
condensation and icing at the ex-
haust pipe. Suggested action rel-
evant also for the other system 
exhaust (i.e. cathode out). 

Comment: Routing and place-
ment of the both exhaust pipes 
(reformer burner exhaust and 
cathode out) have not been de-
signed yet. 
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61. Lower tempera-
ture 

• Low outside temperature 
cools down the exhaust. 

Low temperature of the exhaust 
from the reformate burner is not 
a problem itself, however the 
possibility of water condensation 
and icing must be taken into ac-
count (see above deviation Other 
phase). 

  

62. Higher tempera-
ture 

Because of severe malfunction 
system starts to feed pure metha-
nol to the reformer burner during 
system normal operation (in addi-
tion to anode-off gas): 

• Control failure of methanol 
feed pump PMP-3, or 

• Control failure of methanol 
supply pump PMP-1 and at 
the same time the methanol 
return line to tank TNK-3 is 
blocked. This causes high 
pressure at the pump PMP-3 
inlet, which the pump cannot 
resist and methanol flows to 
the reformer burner. Situation 
was assessed as very unlikely. 

Rapid and strong temperature in-
crease in the reformer burner 
and in the flue gas line. 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down from the high temperature. 

Pressure indicator after methanol 
supply pump PMP-1 triggers sys-
tem shut down from high pres-
sure. (Note: Not yet shown in 
PID). 

 

63. Lower pressure • Minor leakage in the exhaust 
pipe, see deviation Lower 
flow. 
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64. Higher pressure • Partial blockage of the ex-
haust pipe because of water 
condensation and icing, see 
deviation Other phase. 

See deviation Other phase.  RA: When designing the re-
former burner exhaust pipe, take 
into consideration possible water 
condensation and icing at the ex-
haust pipe. Suggested action rel-
evant also for the other system 
exhaust (i.e. cathode out). 

7. Air to fuel cell (cathode in) 
 

65. No flow • One of the connections in the 
air line (e.g. at MI-1, THV-1 or 
EVP-1) becomes completely 
loose/detached. 

• Control failure of valve THV-1 
(valve closes). 

Missing cathode air stops the 
electrochemical reaction at stack 
immediately. No hazardous con-
sequences. 

High quality of piping/tubing and 
components. Leakage tests after 
installation / before commission-
ing. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Stack voltage and current meas-
urements trigger system shut 
down immediately. 

Comment: It was assessed that 
the air preheater (EVP-1) cannot 
block. 

Comment: Default setting of the 
valve THV-1 in a power failure: 
Fail-closed? 
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66. Lower flow • Leakage in one of the connec-
tions in the air line (e.g. at MI-
1, THV-1 or EVP-1). 

• Control failure of valve THV-1 
(valve closes too much). 

Minor leakage has no effect on 
the stack output because of ex-
cess air at stack (air to fuel ratio 
2-2,5). 

In case of significant leakage the 
stack output will decrease and 
system will shut down. 

Missing cathode air stops the 
electrochemical reaction at stack 
immediately. 

High quality of piping/tubing and 
components. Leakage tests after 
installation / before commission-
ing. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Stack voltage and current meas-
urements trigger system shut 
down in case of significant air 
shortage at stack. 

 

67. More flow • Failure of mass flow indicator 
MI-1 so that it gives too small 
readings. Increase of air flow 
at compressor COM-1 as well 
as at valve THV-1. 

No hazardous consequences. 
More heat is however required to 
increase the air temperature in 
the (combined fuel evaporator &) 
air preheater EVP-1 and in the 
stack FCS-1. -> Less heat can be 
utilized/extracted in TEG-1 and 
HEX-1. Thermal energy trans-
ferred to the cathode air is lost 
via cathode out exhaust. 

The problem in system heat pro-
duction can be identified from 
the temperature measurements 
TI-12 and TI-13 in the external 
cooling circuit. 

Comment: MI-1 controls both 
compressor COM-1 and valve 
THV-1. 
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68. Reverse flow • Deviation considered as very 
unlikely. The only possible 
identified any type of cause 
was related to a situation that 
a strong wind blows directly 
to the exhaust pipe. 

  SA: When designing the cathode 
out exhaust pipe, take into con-
sideration that wind conditions 
near the pipe end do not cause a 
reverse flow situation. Also take 
into account the weather condi-
tions at the end of the pipe (rain, 
snow, icing etc.). 

Comment: Routing and place-
ment of the both exhaust pipes 
(cathode out and reformer 
burner exhaust) have not been 
designed yet. 

69. Wrong composi-
tion 

• Leakage of evaporated fuel, 
reformate gas (or anode-off 
gas) inside the cabinet, caus-
ing flammable gases to enter 
to the air intake of the com-
pressor (due to planned loca-
tion of the air intake inside 
the cabinet). 

If the leakage is small and there is 
enough oxygen among cathode 
air (due to high air to fuel ratio of 
the stack), no harmful conse-
quences to the stack. At the cath-
ode air exhaust some amount of 
flammable gases among exhaust 
gas. 

If the leakage is big/major, sys-
tem will shut down because of 
lack of oxygen at the stack. 

See suggested/required action 

Stack voltage and current meas-
urements trigger system shut 
down in case of significant air 
shortage at stack. 

SA: Consider to locate the air in-
take point of the compressor in-
side the cabinet to that cabinet 
side, from where the ventilation 
air is blown into the cabinet. (So 
far compressor air intake has 
been planned to be somewhere 
inside the cabinet.) 

Comment: Liquid fuel leakage is 
not a problem in respect to this 
deviation because of the drain at 
the bottom of the cabinet. 
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70. Impurities or parti-
cles in air 

No cause identified (because of 
existing controls). 

 Filter FIL-1 attached to air com-
pressor COM-1. 

Filters in the both ventilation air 
openings in the cabinet. 

RA: Check the installation of the 
cabinet inside the container so 
that an adequate ventilation of 
the cabinet is ensured. 

Comment: Blockage of filter FIL-
1 could perhaps be detected by 
pressure measurement PI-2 (but 
there is no intention / need to do 
that). 

Comment: No possibility of im-
purities to originate from the air 
preheater EVP-1. 
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71. Lower tempera-
ture 

• Control failure of valve THV-1 
(too much air to the stack) 
and/or low outdoors temper-
ature. 

No harmful consequences. Air 
warmed somewhat poorly in the 
EVP-1 will heat very effectively in 
the stack itself as the heat capac-
ity of the stack is much higher 
than that of air flow. 

Coolant liquid circulation flow 
rate can be increased by pump 
PMP-5 (increases heat exchange 
in the EVP-1). 

Comment: Air temperature be-
fore the stack will vary to some 
extent on the lambda value in 
which the system is run: With 
bigger lambda values, e.g. 2,5 air 
temperature is lower than with 
lower values, e.g. 2. 

Comment: Heat transfer effi-
ciency of the air preheater EVP-1 
should remain as constant, as 
the used heat transfer fluid is ex-
pected not to react with the heat 
exchanger material (aluminium). 
I.e. there should not happen a 
decrease in the heat transfer co-
efficient. 

Comment: Pump PMP-5 is used 
during start-up with high flow 
rate (in order to heat up the sys-
tem as fast as possible), but in 
steady state it is used in lower 
flow rate. 
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72. Higher tempera-
ture 

No causes identified that would 
cause a deviation only at this ex-
amination point. Air temperature 
into the stack can never exceed 
the temperature of the coolant 
liquid coming into the EVP-1, and 
if that temperature is in the cor-
rect range then the air tempera-
ture can never be too high. 

 If the internal cooling circuit tem-
perature after the EVP-1 rises too 
high, coolant liquid temperature 
indicator TI-3 triggers shut down 
(high temperature). 

 

73. Lower pressure • Leakage in one of the connec-
tions in the air line (e.g. at MI-
1, THV-1 or EVP-1). 

• Control failure of valve THV-1 
(valve closes too much). 

Minor leakage has no effect on 
the stack output because of ex-
cess air at stack (air to fuel ratio 
2-2,5). 

In case of significant leakage the 
stack output will decrease and 
system will shut down. 

Missing cathode air stops the 
electrochemical reaction at stack 
immediately. 

High quality of piping/tubing and 
components. Leakage tests after 
installation / before commission-
ing. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Stack voltage and current meas-
urements trigger system shut 
down in case of significant air 
shortage at stack. 
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74. Higher pressure • Control failure of valve THV-1 
(valve opens too much).  

No hazardous consequences. 
More heat is however required to 
increase the air temperature in 
the (combined fuel evaporator &) 
air preheater EVP-1 and in the 
stack FCS-1. -> Less heat can be 
utilized/extracted in TEG-1 and 
HEX-1. Thermal energy trans-
ferred to the cathode air is lost 
via cathode out exhaust. 

The problem in system heat pro-
duction can be identified from 
the temperature measurements 
TI-12 and TI-13 in the external 
cooling circuit. 

 

8. Air out of fuel cell 
 

75. No flow • Cathode exhaust hose/pipe is 
detached e.g. near the stack. 

Cathode exhaust at a tempera-
ture of about 170 °C is released 
inside the cabinet. Exhaust gas 
mixes with the ventilation air and 
flows out of the cabinet with it. 

Compressor COM-1 may suck in 
anode exhaust gas, which can af-
fect the operation of the re-
former burner and the stack be-
cause of the lower oxygen con-
tent (and/or higher temperature). 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down if the operation of the re-
former burner is significantly dis-
rupted. 

Stack voltage and current meas-
urements trigger system shut 
down if the operation of the stack 
is significantly disrupted. 

See the suggested action related 
to examination point 6 / No flow. 
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• (Control) failure of valve VLV-
1 (valve closes). 

Pressure increase in cathode air 
line and in the air side of the 
stack, air flow through the stack 
stops. 

Stack voltage and current meas-
urements trigger system shut 
down. 

Comment: The purpose of the 
valve VLV-1 is to prevent outside 
air and moisture in it from enter-
ing the stack during its outages 
(in order to maintain the service 
life of the stack). 

Comment: It is not yet defini-
tively decided, if there is a valve 
(and of what type) at the cath-
ode exhaust pipe or some other 
solution that prevents outside air 
and moisture in it from entering 
the stack. Stack isolation from 
outside air and moisture is not 
very time critical, i.e. it doesn’t 
have to happen immediately af-
ter system shut down. 

76. Lower flow • Cathode exhaust hose/pipe 
partially detaches from one of 
its connections. 

Part of cathode exhaust at a tem-
perature of about 170 °C is re-
leased inside the cabinet. Exhaust 
gas mixes with the ventilation air 
and flows out of the cabinet with 
it. 

Compressor COM-1 may suck in 
anode exhaust gas, which can af-
fect the operation of the re-
former burner and the stack be-
cause of the lower oxygen con-
tent (and/or higher temperature). 

Reformer burner temperature in-
dicator TI-6 triggers system shut 
down if the operation of the re-
former burner is significantly dis-
rupted. 

Stack voltage and current meas-
urements trigger system shut 
down if the operation of the stack 
is significantly disrupted. 

See the suggested action related 
to examination point 6 / No flow. 

Comment: The possibility of the 
pipe detachment was assessed 
as very small e.g. because system 
is not pressurised. 



 

 55 

HAZOP 
System: Micro CHP system based on HT-PEMFC technology and a methanol steam reformer, steady state operation 
Team:  Participants from companies BWT (1 person), THT (1-2 persons per session) and VTT (2-3 persons per session) 
PI-diagrams: System PID V6.vsd, 4th of April 2022 and PIDFinal.vsd, 2nd of May 2022 

Analysis session dates: 
21.4., 26.4., 3.5., 12.5., 
18.5. and 19.5.2022 

Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

77. More flow No causes identified that would 
cause the deviation only at this 
examination point. See examina-
tion point 7, More flow. 

  Comment: MI-1 controls both 
compressor COM-1 and valve 
THV-1. 

78. Reverse flow Deviation considered as very un-
likely. The only possible identi-
fied any type of cause was re-
lated to a situation that a strong 
wind blows directly to the ex-
haust pipe. 

  SA: When designing the cathode 
out exhaust pipe, take into con-
sideration that wind conditions 
near the pipe end do not cause a 
reverse flow situation. Also take 
into account the weather condi-
tions at the end of the pipe (rain, 
snow, icing etc.). 

Comment: Routing and place-
ment of the both exhaust pipes 
(cathode out and reformer 
burner exhaust) have not been 
designed yet. 
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79. Other composition • Hydrogen escapes/enters to 
the cathode side of the stack 
(hydrogen slip). Caused by 
e.g. too high pressure differ-
ence between stack’s anode 
and cathode sides, or stack 
membrane is not functioning 
as it should. 

No hazardous consequences. H2 
concentration in the anode ex-
haust is very low. H2 ignition not 
possible. 

In long term too high pressure 
difference between stack anode 
and cathode sides can cause stack 
degradation. 

Pressure indicator PI-1 after fuel 
pump trigger shut down both 
from high and low values. 

SA: Consider adding shut-down 
based on too high difference be-
tween pressure indicators PI-1 
and PI-2. 

Comment: Control system infor-
mation on pressure levels at 
stack’s anode and cathode sides 
is based on PI-1 and PI-2 pres-
sures measurements and control 
system’s internal pressure mod-
els. 

Comment: Pressure difference in 
the stack between anode and 
cathode sides must be maybe 
something like 100 mbar before 
something happens. 

80. Impurities or parti-
cles in flow 

• Phosphoric acid, that is pre-
sent in the stack membrane, 
releases over time in very 
small concentrations from the 
membrane to the cathode 
side. Release of phosphoric 
acid is a natural phenomenon 
that takes place in the stack. 

Phosphoric acid does not cause 
any harm to the system after the 
fuel cell. It makes cathode ex-
haust little acidic, but that is not a 
problem. 

 Comment: In general lost phos-
phoric acid could be added back 
to the membrane e.g. by adding 
it in to the fuel or air. This is not 
however planned to do in the 
Empower project. 
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81. Other phase • Water condensation of the 
exhaust gas and possible icing 
in the exhaust pipe. Phenom-
ena more probable at that 
part of the pipe that is located 
outside the cabinet. 

At least operational conse-
quences if water condensation or 
freezing occurs and if these are 
not adequately taken into ac-
count. 

 RA: When designing the cathode 
air exhaust pipe, take into con-
sideration possible water con-
densation and icing at the ex-
haust pipe. Possible solutions if 
needed e.g. pipe drainage or 
pipe installation diagonally i.e. 
towards the ground. 

Comment: Routing and place-
ment of the both exhaust pipes 
(cathode out and reformer 
burner exhaust) have not been 
designed yet. 

82. Lower tempera-
ture 

 No harmful consequences from 
the deviation as long as water 
condensation of the exhaust gas 
and possible icing in the exhaust 
pipe is either prevented or man-
aged by some technical means, 
see deviation ‘Other phase’ 
above. 
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83. Higher tempera-
ture 

• Too high stack temperature, 
problems in stack cooling. 
o Operation problems in 

coolant liquid circulation 
pump PMP-5. 

o Leakage in the internal 
cooling circuit. 

o Problems in heat transfer 
to the external cooling cir-
cuit (in HEX-1, TEG-1 etc.). 

See examination point 4, devia-
tion ‘Higher temperature’. 

Unwanted consequences possible 
to the stack. 

Temperature indicator TI-3 at the 
internal cooling circuit triggers 
shut down (high temperature). 

Pressure sensor PI-3 (after cool-
ant liquid circulation pump PMP-
5) triggers shut down (low pres-
sure). 

SA: The drainage point outside 
the container should be checked 
every now and then to detect 
possible liquid leakages in the 
system. 

Comment: As the fuel evapora-
tor EVP-1 and the stack are at-
tached to each other and there is 
remarkable heat conduction be-
tween these, TI-3 will record a 
temperature increase also in 
case of a total loss stack cooling 
(e.g. due to a major coolant liq-
uid leakage between the pump 
PMP-5 and the stack). 

84. Lower pressure • No cause identified that 
would cause deviation only at 
this examination point. 

• Leakage of the cathode ex-
haust hose/pipe causes simul-
taneously deviations ‘Lower 
pressure’ and ‘Lower flow’. 
See deviation ‘Lower flow’. 

See deviation ‘Lower flow’. See deviation ‘Lower flow’. SA: Design the exhaust pipe with 
minimum joints. 

85. Higher pressure • Blockage at the end of the ex-
haust pipe e.g. due to exhaust 
gas water condensation and 
icing or snow is blocking the 
exhaust. 

See deviation ‘Other phase’. See deviation ‘Other phase’. See deviation ‘Other phase’. 

Comment: Valve VLV-1 should 
be easiest to locate at the very 
end of the pipe. 
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9. Coolant liquid to fuel cell (coolant in) 
 

86. No flow • Pump PMP-5 not working. No harmful consequences, imme-
diate system shut down. 

Pressure indicator PI-3 (low 
value) triggers system shut down. 

 

• Loss of coolant fluid circula-
tion due to a leakage in the 
circuit. Can be a major leak-
age or a smaller leakage, 
which over time causes loss of 
coolant liquid circulation. 

Coolant liquid leaks into the cabi-
net and that after out of it 
through the drain at the bottom 
of the cabinet. No harmful conse-
quences due to the effective 
forced ventilation of the cabinet 
and non-toxicity of the coolant 
liquid. 

System shut down and before 
that stack temperature may start 
to increase. 

Either pressure indicator PI-3 (low 
value) or temperature indicator 
TI-3 (high value) triggers system 
shut-down. (Depending on the 
point of leakage and on the dy-
namics of the situation). 

System elements well protected 
against external impacts because 
of the cabinet around the system. 

Comment: Cooling circuit pipes 
are from metal based material, 
except the connection between 
tanks TNK-2 and TNK-6, which is 
resistant rubber based material. 

Comment: If a leak is between 
the tanks TNK-2 and TNK-6 and 
occurs when the system is run-
ning, nothing will happen from 
the point of view of system oper-
ation. However, next time when 
the system is started, there are 
likely to be problems, because 
the amount of coolant liquid is 
too low (coolant liquid cannot be 
pumped). 
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87. Lower flow • Mechanical wear of the pump 
PMP-5. 

• Pump PMP-5 control failure. 

Cooling of the stack is not as effi-
cient as it should be, and its tem-
perature starts to rise. 

System will shut down at some 
point, when the cooling of the 
stack is not any more adequate. 

Temperature indicator TI-3 trig-
ger system shut-down from high 
value (and possibly also TI-4). 

Pressure indicator PI-3 may also 
cause shutdown from lower value 
(due to lower flow). 

Comment: It was not identified 
any realistic cause(s) for a partial 
(or total) blockage in the cooling 
circuit that could cause lower 
flow or no flow deviation. This is 
e.g. due to type and quality of 
valves SOV-1 and SOV-2 etc. 

Comment: Pump PMP-5 is regu-
lated by the temperature meas-
urement TI-3. If there is a fault in 
the measurement, the system 
will shut down. 

• Minor/small leakage in the 
cooling circuit. 

Any leakage in the cooling circuit 
will eventually result to the loss 
of coolant liquid circulation. See 
deviation ‘No flow’. 

See deviation ‘No flow’.  

88. More flow • Pump PMP-5 control failure. Stack temperature drops to a 
lower level. If the low value of the 
TI-3 that triggers system shut 
down is however not met, the 
system is able to continue its op-
eration provided that SOV-1 ad-
justs to the situation i.e. de-
creases the flow rate through 
HEX-1 (SOV-2 is supposed to be 
totally open all the time). 

Pressure indicator PI-3 may also 
cause shutdown from high value 
(due to higher flow). 

 

89. Reverse flow • Not a relevant deviation, as it 
was not identified any plausi-
ble cause for it. 
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90. Composition • Internal leakage in heat ex-
changer HEX-1 (considered as 
very unlikely). 

Pressure levels of the internal and 
external cooling circuits at the 
HEX-1 are not known for sure at 
the moment. It was assumed that 
probably the pressure level of the 
external cooling circuit is higher 
than the pressure level of the in-
ternal cooling circuit. If this is the 
case, water-glycol mixture from 
external cooling circuit flows into 
coolant liquid of the internal cool-
ing circuit (Multitherm 503). This 
will destroy the system as water 
is electrically conductive. 

Operational problems in the op-
eration of the both cooling cir-
cuits. Probably at some point sys-
tem shut-down. 

HEX-1 is high quality, off-the-self 
component. 

Comment: Pressure levels of the 
both cooling circuits must not ex-
ceed the allowed pressure levels 
of the sides of the HEX-1 to 
which they are connected. 

Comment: Internal leakage in 
the thermoelectric generator 
TEG-1 even less likely as there 
must break two “walls” before 
fluids of the internal and external 
cooling circuits can mix. 

91. Impurities or parti-
cles 

• Small particles of graphite re-
lease from the stack (from bi-
polar plates) and accumulate 
in the internal cooling circuit. 
Phenomenon is not really a 
deviation at all but instead a 
natural event. 

No harmful consequences.  Comment: The phenomenon 
does not affect adversely on the 
operation of the fuel cell. 

92. Other phase Not a possible deviation, no 
cause(s) identified. 
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93. Lower tempera-
ture 

• Valve SOV-1 control failure 
(valve opens too much). 

System shut down. 

Stack temperature starts to de-
crease. 

Temperature indicator TI-4 and 
possibly also TI-3 trigger shut 
down from low value. 

Comment: Assumption in the 
analysis was that the valve con-
trolling the flow through the 
TEG-1 i.e. valve SOV-2 is fully 
open and the valve SOV-1 is the 
one that predominantly regu-
lates how much heat is trans-
ferred from the internal cooling 
circuit to the external cooling cir-
cuit. 

94. Higher tempera-
ture 

• Valve SOV-1 control failure 
(valve does not open enough). 

System shut down. 

Stack temperature starts to in-
crease. 

Temperature indicator TI-4 and 
possibly also TI-3 trigger shut 
down from high value. 

 

95. Lower pressure • Minor/small leakage in the 
cooling circuit. 

• Otherwise very unlikely devia-
tion to occur due to any other 
cause than a leakage while 
the system is running. If 
something blocks the venting 
hole of the TNK-2 when the 
system is running, then there 
could be a possibility for 
lower pressure during the 
next operation period of the 
system. This is due to volume 
reduction of the coolant liquid 
as the temperature de-
creases. 

Any leakage in the cooling circuit 
will eventually result to the loss 
of coolant liquid circulation. See 
deviation ‘No flow’. 

Pressure indicator PI-3 (low 
value) triggers system shut down. 
See deviation ‘No flow’. 

Filters at the both ends of the 
cabinet as well as in the container 
prevent insects, etc. from enter-
ing the device and by that also 
the blocking of the venting hole. 
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96. Higher pressure • Very unlikely deviation to oc-
cur while system is running 
and also otherwise. If some-
thing blocks the venting hole 
of the TNK-2 when the system 
is not running, then there 
could be a possibility for 
higher pressure during the 
next operation period of the 
system. This is because of the 
thermal expansion of the 
coolant liquid. 

 Filters at the both ends of the 
cabinet as well as in the container 
prevent insects, etc. from enter-
ing the device and by that also 
the blocking of the venting hole. 

Information on the system pres-
sure level can be obtained from 
the pressure indicator PI-3. It will 
also trigger shutdown if the pres-
sure becomes too high. 

 

10. Coolant liquid after EVP-1 
 

97. No flow • Major leakage of coolant liq-
uid from the pipe between 
the stack and the examination 
point 10. 

Coolant liquid leaks into the cabi-
net and that after out of it 
through the drain at the bottom 
of the cabinet. No harmful conse-
quences due to the effective 
forced ventilation of the cabinet 
and non-toxicity of the coolant 
liquid. 

System shut down. 

Possibly operational problems in 
the evaporation of the fuel 
(methanol-water mixture). 

Pressure indicator PI-3 (low 
value) triggers system shut down 
very quickly. 

System elements well protected 
against external impacts because 
of the cabinet around the system. 
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98. Lower flow • Minor/small leakage in the 
cooling circuit. 

Any leakage in the cooling circuit 
will eventually result to the loss 
of coolant liquid circulation. See 
deviation ‘No flow’. 

See deviation ‘No flow’.  

99. More flow • Not a possible deviation, no 
cause(s) identified. 

   

100. Reverse flow • Not a possible deviation, no 
cause(s) identified. 

   

101. Impurities or parti-
cles 

• Small particles of graphite re-
lease from the stack (from bi-
polar plates) and accumulate 
in the internal cooling circuit. 
Phenomenon is not really a 
deviation at all but instead a 
natural event. 

No harmful consequences.  Comment: The phenomenon 
does not affect adversely on the 
operation of the fuel cell. 

102. Other phase Not a possible deviation, no 
cause(s) identified. 

   

103. Lower tempera-
ture 

• Methanol-water mixture as 
well as air temperature com-
ing to the evaporator EVP-1 
are on a very low level be-
cause of low outdoors tem-
perature. 

No harmful consequences. The 
system will shut down if the cool-
ant liquid temperature after the 
EVP-1 goes low enough. 

Temperature indicator TI-3 trig-
ger shut down from low value. 

 

104. Higher tempera-
ture 

• Flow of coolant liquid through 
the stack is too low. See ex-
amination point 9, deviation 
‘Lower flow’. 

See examination point 9, devia-
tion ‘Lower flow’. 

Temperature indicator TI-3 trig-
ger system shut-down from high 
value. 

 

105. Lower pressure • See examination point 9, devi-
ation ‘Lower pressure’. 

See examination point 9, devia-
tion ‘Lower pressure’. 

See examination point 9, devia-
tion ‘Lower pressure’. 
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106. Higher pressure • See examination point 9, devi-
ation ‘Higher pressure’. 

See examination point 9, devia-
tion ‘Higher pressure’. 

See examination point 9, devia-
tion ‘Higher pressure’. 

 

11. External coolant liquid out of heat exchanger HEX-1 
 

107. No flow • Circulation pump PMP-6 not 
functioning. 

• Blockage of external cooling 
circuit. 

Heat removal from the internal 
cooling circuit is prevented. Cir-
cuit temperature becomes too 
high and the system shuts down. 

Temperature indicator TI-4 trig-
ger system shut-down from high 
value. 

Flow measurement FI-1 in the ex-
ternal cooling circuit. 

SA: Consider adding to FI-1 an 
alarm from low value. 

Comment: Do the temperature 
measurements TI-10 and/or TI-
11 trigger system shutdown from 
high values? 
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• Leakage in external cooling 
circuit. Size of the leak has no 
matter, all leaks will eventu-
ally lead to a no flow situa-
tion. 

Heat removal from the internal 
cooling circuit is prevented. Cir-
cuit temperature becomes too 
high and the system shuts down. 

Depending on the location of the 
leak, some amount of coolant 
fluid gets inside the container or 
cabinet before system shuts 
down. 

Fuel entered inside the cabinet 
exits the cabinet through a drain 
hole in the bottom of the cabinet. 

Temperature indicator TI-4 trig-
ger system shut-down from high 
value. 

Flow measurement FI-1 in the ex-
ternal cooling circuit. 

Drainage in the cabinet. 

SA: Consider adding to FI-1 an 
alarm from low value. 

SA: Consider changing the opera-
tion principle of the system in 
case of shutdowns and emer-
gency shutdowns so that the 
cabinet ventilation is left on (at 
least periodically) so long as the 
temperature inside the cabinet is 
about the same as the ambient 
temperature. This would perhaps 
prevent the condensation of the 
moist cabinet air on the cool sur-
faces of the system and the re-
lated condensate formation. And 
in this way there would be no 
more need for a condensate 
drainage, and possible liquid 
leaks in the system (fuel, coolant 
liquids) could be better identi-
fied. E.g. with the help of a leak 
pool and to that installed level 
indicator. 

Comment: Do the temperature 
measurements TI-10 and/or TI-
11 trigger system shutdown from 
high values? 
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108. Lower flow • Partial blockage of external 
cooling circuit. 

• Performance of the circulation 
pump PMP-6 is impaired due 
to e.g. wear. 

Temperature in the external cool-
ing circuit after HEX-1 starts to 
rise. 

Heat removal from the internal 
cooling circuit is impaired. Circuit 
temperature starts to rise and the 
system may shut down. 

Temperature indicator TI-4 trig-
ger system shut-down from high 
value. 

Flow measurement FI-1 in the ex-
ternal cooling circuit. 

Temperature indicators TI-12 and 
TI-13 in the external cooling cir-
cuit. 

SA: Consider adding to FI-1 an 
alarm from low value (e.g. 10 % 
below the value of the normal 
flow). 

Comment: The current plan is 
that the alarms from the system 
will be sent as text messages to 
users’ mobile phones. 

Comment: Do the temperature 
measurements TI-10 and/or TI-
11 trigger system shutdown from 
high values? 
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109. More flow Not a relevant deviation, as it was 
not identified any plausible cause 
for it. 

  Comment: Internal leakage at 
the HEX-1 was left out from the 
consideration because of the 
lack of detail knowledge on HEX-
1. => 

SA: As the system design pro-
gresses, make still sure that pres-
sure levels of the internal and ex-
ternal cooling circuits are accord-
ing to the specs of the HEX-1. 
And e.g. that the coolant liquids 
are suitable for it. 

Comment: In case of a total rup-
ture of the pipeline after HEX-1, 
there is probably deviation 
‘More flow’ for a short time, af-
ter which the flow stops com-
pletely. 

110. Reverse flow Not a relevant deviation.    
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111. Other composition • Internal leakage in the HEX-1 
would be perhaps the only 
cause for the deviation. This 
was assessed however not 
likely (e.g. due to small num-
ber of operating hours). 

• (Breakdown of some compo-
nent in the cooling circuit, e.g. 
the pump could cause parti-
cles to enter the circulation.) 

   Comment: Internal leakage at 
the HEX-1 was left out from the 
thorough consideration because 
of the lack of detail knowledge 
on HEX-1. => 

SA: As the system design pro-
gresses, make still sure that pres-
sure levels of the internal and ex-
ternal cooling circuits are accord-
ing to the specs of the HEX-1. 
And e.g. that the coolant liquids 
are suitable for it. And same also 
for the HEX-2 (in HEX-2 there is 
however no big difference be-
tween the coolant liquids). 

Comment: In case an internal 
leakage of the HEX-1 were to 
happen and the coolant liquids 
mix, it can be difficult to identify 
the true nature of the situation. 

112. Other phase Not a relevant deviation.   Comment: Freezing point of the 
glycol-water mixture to be used 
in the external cooling circuit is 
at least at a level of -40 °C (corre-
sponds 50-50 % mixture). 

Comment: Boiling point of the 
glycol-water mixture in a closed 
system is high, boiling of the mix-
ture is very unlikely. 
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113. Lower tempera-
ture 

Not a relevant deviation.    

114. Higher tempera-
ture 

• Circulation pump PMP-7 in 
the heat storage circuit not 
functioning (if that subsystem 
is used for heat removal). 

• Cooler on the roof is not func-
tioning (if that subsystem is 
used for heat removal). E.g. 
fan breakage or cooling ele-
ment freezes. 

Heat transfer from the internal to 
the external cooling circuit gets 
worse and the temperature in the 
internal cooling circuit before the 
stack rises. Eventually the system 
shuts itself down. 

Temperature differences be-
tween TI-16 and TI-17; and be-
tween TI-12 and TI-13 start to get 
smaller, in case HEX-2 is used for 
heat removal. 

Temperature differences be-
tween TI-14 and TI-15; and be-
tween TI-12 and TI-13 start to get 
smaller, in case cooler on the roof 
is used for heat removal. 

Temperature indicator TI-4 trig-
ger system shut-down from high 
value. 

SA: Add to the control system 
alarms from small temperature 
differences between tempera-
ture measurements TI-16 and TI-
17, TI-14 and TI-15, and TI-12 
and TI-13. 

SA: Check if there exist some 
maximum temperature level that 
is not allowed to exceed in the 
external cooling circuit when the 
coolant liquid flows into the 
components that are connected 
to this circuit i.e. DC/DC con-
verter, TEG-1 and HEX-1. And if 
such exists, for example for the 
DC/DC converter, make neces-
sary modifications to the (con-
trol) system so that this is never 
exceeded. 

Comment: The operation princi-
ple of the external cooling circuit 
is that the heat is removed either 
via HEX-2 or by the cooler on the 
roof. I.e. subsystems are not 
used simultaneously. 
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21.4., 26.4., 3.5., 12.5., 
18.5. and 19.5.2022 

Deviation Causes Consequences Existing controls  
(detection and safeguards) 

Suggested/required actions, 
comments 

115. Lower pressure • See above ‘No flow’, cause: 
leakage in external cooling cir-
cuit, and ‘Lower flow’. 

See above ‘No flow’, cause: leak-
age in external cooling circuit, 
and ‘Lower flow’. 

See above ‘No flow’, cause: leak-
age in external cooling circuit, 
and ‘Lower flow’. 

SA: Consider adding to FI-1 an 
alarm from low value (e.g. 10 % 
below the value of the normal 
flow). 

116. Higher pressure • See above ‘Higher tempera-
ture’ and ’No flow’, cause: 
Blockage of external cooling 
circuit. 

See above ‘Higher temperature’ 
and ’No flow’, cause: Blockage of 
external cooling circuit. 

See above ‘Higher temperature’ 
and ’No flow’, cause: Blockage of 
external cooling circuit. 

See above ‘Higher temperature’ 
and ’No flow’, cause: Blockage of 
external cooling circuit. 

 


