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Abstract

With fuel cells making their way into the maritime sector, cooling systems are becoming a more impor-
tant aspect of ship design with regard to power saving. Because fuel cells generate heat at a lower
temperature, they require a cooling system that is comparatively larger than that of conventional power
trains. Ship cooling system research mainly focuses on the implementation of variable-speed pumps,
with little research focusing on the control of cooling systems. For this reason, this research aims to
examine the performance of different rule-based and optimisation-based control systems applied to the
cooling system of a fuel cell-powered ship.

In this research, a cooling system based on the FPS Waal is modelled in Simulink using Simscape.
The cooling system consists of two coolant pumps, two river water pumps, a three-way valve, and two
heat exchangers that cool six fuel cell units.

Four rule-based control methods and three optimisation-based control methods were tested. Two rule-
based control methods, standard rule and temperature difference, have a rule-set based on just temper-
ature measurements. The other two, load-based flow and load-based pump, have an additional basic
algorithm where the control system knows the current cooling system configuration. Two optimisation-
based control methods, steady-state optimised and lookup, are based on steady-state operation, and
current-state optimised is based on the current system state. The optimisation models used are Mixed
Integer Quadratic Constrained Programs (MIQCP). The control methods are tested in three types of
simulations. A constant heat load is used to compare temperature control, pump on/off cycles, and
power consumption; a step load is used to compare temperature control, and scenario simulations are
used to compare temperature control and power consumption.

Optimisation-based control methods perform better, with regard to temperature control, pump on/off
cycles and cooling system power consumption, in constant load despite suffering from nonlinearities.
With step load, the rule-based control methods have better temperature control because they have
spare cooling capacity. In the scenario simulations, the optimisation-based control methods have sig-
nificantly lower cooling system power consumption than rule-based control methods. Load-based flow
has an average power consumption over the scenario simulations, which is 39.2% higher than the av-
erage power consumption of steady-state optimised. load-based pump, temperature difference, and
standard rule perform significantly worse with 96.4%, 179.5%, and 197.0%, respectively. Current-state
optimised only has a 0.85% higher average power consumption and lookup a 5.85% higher average
power consumption.

While the overall performance of the optimisation-based control methods was superior, simplifications
in the optimisation models resulted in steady-state errors in temperature control. Further research is
required to implement optimisation-based control methods for cooling systems to reduce the errors
from simplifications and take into account cooling system component degradation.
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Introduction

When in 1992 countries agreed to the United Nations Framework Convention on Climate Change [33]
the industry focus shifted from maximising profit to taking harmful emissions into account. Over time,
the restrictions on emissions increased with examples such as the establishment of the SECA zones
[19] and the Paris agreement [25]. While these restrictions have reduced the SO, emissions, the CO,
emissions have remained largely unaffected.

To decrease the C'O, emissions, there are three approaches [28]. The first option is to use synthetic
fuels rather than their fossil fuel variant. This results in net zero CO if the fuels are synthesised
using CO- from carbon capture and green energy. The second option is to eliminate fuel use and
instead have a rechargeable battery that provides all the energy needed. This results in no emissions,
assuming that the energy used to charge is green energy. The last option is to use fuels that have
no harmful emissions. Two examples are hydrogen (H>) and ammonia (N H3). These fuels have zero
CO5 emissions when produced with green energy.

The shipping industry prefers a fuel that combines a high volumetric density and a high gravimetric
density. A lithium-ion battery has both a low volumetric density and a gravimetric density and is, for
that reason, undesirable as sole energy storage [6]. Carbon-based fuels have a decent gravimetric
density and a high volumetric density [18]. These qualities and the fact that the design doesn’t need
changing from the current design are the driving forces behind synthetic fuels. Hydrogen has a very
high gravimetric density, offset by a very low volumetric density. However, it is still considered one of
the fuels that could power the future. Research is done into designing turbines capable of running on
100% hydrogen [17]. There is also research into running internal combustion engines on hydrogen,
but this is less successful as both the efficiency and the power output are lower compared to burning
carbon-based fuels [15]. An alternative to the internal combustion engine is a fuel cell, where the energy
of the hydrogen gets directly converted into electrical energy. This achieves an efficiency of up to 60%
and is, for this reason, the preferred option over internal combustion engines with their efficiency of
35% - 45% [3].

Fuel cells have already been in use in the maritime sector, with one of the first examples of projects
with Proton-Exchange Membrane (PEM) Fuel cell powered ships dating back to 2006 when the project
ZemShip started [8]. Recently, more projects have been conducted regarding hydrogen fuel cell ships.
The Energy Observer 2 is a newly proposed 5000-ton deadweight multi-purpose ship powered by PEM
fuel cell units of 2.5 MW using liquid hydrogen as a fuel storage mechanism [7]. Rivercell is a project
to design and run the inland pushing boat ELEKTRA powered by a PEM fuel cell unit of 200 kW and
a 1276 kWh battery using 500 bar hydrogen as a fuel storage mechanism [21]. The project HyShip is
designing and constructing the ship Topeka, a ro-ro demonstration vessel powered by a 3 MW PEM
fuel cell using liquid hydrogen as a fuel storage mechanism [1]. Future Proof Shipping is retrofitting
the inland container vessel FPS Maas to install an 825 kW fuel cell system with a 504 kWh Lithium-ion
battery using 300 bar hydrogen as a fuel storage mechanism [9].



1.1. Problem definition 2

1.1. Problem definition

A significant focus of society these days is reducing emissions. One of the possible solutions to emis-
sion reduction in the maritime industry is replacing fossil fuel-burning engines with fuel cell units that
run on hydrogen or other non-polluting fuels. While having slightly higher efficiency than internal com-
bustion engines, PEM fuel cells generate a lot of heat at a comparatively low temperature. This results
in the PEM fuel cell system requiring a more extensive cooling system, which comes with additional
parasitic losses due to increased pumping power. For this reason, an increase in the cooling system’s
efficiency sees more results for a PEM fuel cell cooling system. It could help it become financially
competitive with internal combustion systems. The two ways of increasing the efficiency of the cooling
system are by increasing the efficiencies of the individual components or the way this research focuses
on, which is to improve the efficiency of the control of the system.

Both the degradation [2] as well as the performance [32] of a fuel cell depend on the fuel cell operating
temperature. For this reason, accurate control of PEM fuel cell systems is necessary to minimise op-
erating costs. While there is literature regarding fuel cell cooling systems on board ships [5][14], these
papers focus more on proving that there is a possibility of improving the control of the cooling system
rather than testing their new control system in multiple operational scenarios and environmental con-
ditions. Considering operational scenarios and environmental conditions is not foreign to ship cooling
system literature as it is a common method applied to evaluate the benefit of having a variable-speed
pump [31][20][24].

Optimisation-based control has shown the capability of more accurate temperature tracking and more
efficient cooling system running. While Optimisation-based control is well known in the maritime re-
search literature for energy management systems [16][34], there is little research into applying Optimisation-
based control for the control of a ship’s cooling system. There is abundant research into applying
Optimisation-based control to cooling systems from other sectors [29].

1.1.1. Research gap

What is currently lacking concerning research into ship cooling systems is the comparison between
control systems in multiple operational scenarios and environmental conditions, especially involving
optimisation-based control. Optimisation-based control is comparatively underrepresented in the ship
cooling system literature, but it has shown promising results with regard to temperature control and
power consumption reduction in other sectors. This is especially relevant for fuel cell cooling systems
as the fuel cells are sensitive to overheating due to degradation.

1.1.2. Proposed research

To fill this gap, the proposed research is a case study in which both optimisation-based control and
rule-based control can be directly compared. A case study will provide a realistic basis for a cooling
system configuration, operational profile, and environmental conditions. It will also provide insight into
the possible savings one can expect as a ship owner.

1.1.3. Research questions
The main research question that this research aims to answer is as follows:

How does the performance of rule-based control methods compare with optimisation-based
control methods when applied to the cooling system of an inland ship with multiple pumps,
heat exchangers, and fuel cell units?

To help answer this main research question, the following sub-questions have been defined:
What are the important performance indicators for a PEM fuel cell cooling system on a ship?
Which rule-based control methods are considered?

Which optimisation-based control methods are considered?

Which scenarios are simulated?
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1.2. Scope

To ensure that the research does not lose focus on answering the main research question, the scope
has been defined as follows:

The fuel cell cooling system layout considered in this research will be based on the proposed cooling
system of the FPS Waal, and the area of operation considered is the Rhine. For this reason, results
found during this project may not be applicable to different cooling system configurations operating in
different environmental conditions.

The main aim of this research is to create an idea of the performance of different control methods. It
does not aim to maximise the performance of the individual methods, as that would take too much time.
For that reason, when comparing the performance of the methods, one method may be better tuned
than the other, slightly skewing the result.

This is the same reason why fuel cells are considered a heat source with a single thermal mass. While
a more accurate model of a fuel cell would improve the accuracy of this research, there is a lack of
readily available information required to model the fuel cells, and the increase in accuracy would be
unlikely to change the outcome of this research.

1.3. Thesis structure

After this introduction, the thesis will provide the background on the Simulink model in chapter 2. Here,
the choice for Simscape and how components of the cooling system are modelled will be explained.
This is followed by Chapter 3, which will detail how optimisation models were made based on the
Simulink model. After that, in chapter 4, control methods for the Simulink model based on a rule set
or the optimisation models are explained, and the simulations run to test these methods are detailed.
In chapter 5, the results of the simulations are presented and discussed. In chapter 6, the findings of
chapter 5 are discussed, the limitations of this research are presented, and recommendations for future
research are given. Finally, chapter 7 provides an answer to the main research question.



Simulink model

A model is often used in research as a substitute for the physical system, as constructing a system for
research purposes takes a lot of resources. This chapter provides an explanation of the makeup of
the model used in this research and expands on why certain choices were made in the model. Section
2.1 details the reasoning for choosing Simscape as a basis to make the model and showcases the
underlying equations of the most important Simscape blocks used. Section 2.2 provides an overview
of the modelled cooling system. The chapter closes with sections 2.3, 2.4 and 2.5, which go into detail
about how the fuel cell units, the pumps, and the heat exchangers are modelled.

2.1. Simscape

The choice was made to make the model of the cooling system in the MATLAB Simulink environment
using Simscape. Simscape was chosen for three main reasons. The first reason is that a model made
using Simscape blocks provides a clearer overview while working than a fully custom Simulink model.
The second reason is that the embedded equations in the Simscape blocks prevent errors in a large
model. Since this research aims not to create an exact copy of a cooling system but rather a similar
system, being limited by the Simscape equations is not a drawback. The third and most important
reason is the logging of data available within Simscape and subsequently viewing the logged data with
the Simscape Result Explorer. Selecting which components to log data for, viewing the logged data,
and accessing this data within the MATLAB workspace are extremely conveniently implemented.

2.1.1. Pipe

The Simscape pipe element handles three sets of equations corresponding to the mass transport from
entry port "A” to exit port "B”. The pipe element calculates the pressure losses, heat transfer with the
pipe wall and it ensures mass balance. The mass balance is simplified to equation 2.1 since the fluid
is considered incompressible and the pipe is rigid.

Ta = 1hp 2.1)

Equation 2.2 displays the calculation used for the pressure loss in the pipe. f is the Darcy friction
factor, which is approximated through the Haaland equation 2.3 [13]. The Darcy friction factor depends
on the surface roughness ¢, the hydraulic diameter D;,, and the Reynold number Re. A;,; is the internal
surface area of the pipe. L is the total length of the pipe with L,44 being the aggregate equivalent length
of local resistances. L,q44 is a theoretical added length to take into account additional resistances in
the pipe without changing the physical dimension of the pipe for other calculations.
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There are two components to the heat transfer calculations that together sum to the total heat transfer
in a pipe element. The first component is the heat transfer through conduction and is displayed in
equation 2.4, where k is the thermal conductivity of the fluid, T},;,. is the temperature of the pipe wall
and T7 is the temperature of the fluid inside the pipe. The second component is the heat transfer
through convection, as displayed in equation 2.5. T, is the temperature of the fluid entering the pipe
segment and h is the heat transfer coefficient calculated using equation 2.6. The Gnielinski correlation
[11] is used to determine the Nusselt number, Nu.

kAin
Cgcond = T}Lt(Tpipe - TI) (24)
. hAin
Qconv = cpm(Tpipe - E ) l:l — Exp (_Cant>:| (25)
Nuk
= 2-
h D (2.6)

2.1.2. Valves

The three types of valves that have been used in the model are the butterfly valve, the three-way valve,
and the check valve. The butterfly valve and the three-way valve both use equation 2.7 to calculate
their pressure drop and mass flow.

CdAorifice\/% Ap

N2 [Ap? +ap2 )Y
\/PRloss <1 _ (;A""AflCE> > [ p pCT’Lt]

Aoritice, the orifice open area, is calculated using equations 2.8 - 2.10, where butterfly valves and
one of the directions in the three-way valve use equation 2.9 to calculate their AS while the other
direction of the three-way valve uses equation 2.10. S is the control member position of the valve
leading to S, fice_maz DEING the control member position where A, f;c. is maximum and AS,,,,. being
the largest possible difference in S. Cj is the discharge coefficient parameter. PR, is the parameter
for the pressure loss and pressure recovery over the valve due to the change in area. A is the pipe
area. Ap is the change in pressure over the valve. Ap,,.;; is the pressure differential associated with
the critical Reynolds number, being the Reynolds number, which is the transition point between laminar
and turbulent flow.

2.7)

m:

4

(A'rna;c - Aleak)
Agpigice = womas = Leak) g | 4 2.
orifice ASm,am S+ leak ( 8)
AS = Sorificeimam - ASmaw +5 (29)
AS = Sorifice_m,az + ASma:n -5 (210)

2.1.3. Heat exchanger

Within Simscape, there are two modelling options for the heat exchangers. The simple model was
chosen for this research as the alternative, E-NTU, requires input parameters regarding the internal
dimensions of the heat exchangers and wall thermal dynamics that could not be validated. The simple
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model revolves around equation 2.11, which states that the heat transferred is equal to the temperature
difference of the two liquids at the inlet multiplied by £. ¢ is the specific dissipation, a tabulated function
of the mass flow rates into the exchanger. The specific dissipation, &, corresponds to the amount of heat
transferred for one degree in temperature difference between the two flows. The value of £ changes
based on the mass flow rates of both thermal liquids entering the heat exchanger.

Q = &(Tin,1 — Tin2) (2.11)

2.1.4. Pump

The chosen way to model the pumps within Simscape is using 1-D tabulated data parameterisation with
head and brake power as a function of capacity at reference shaft speed, as the data for this approach
is available. For cases where the shaft speed differs from the reference shaft speed, Simscape applies
the affinity laws displayed in equations 2.12, 2.13, and 2.14. w is the shaft speed. H is the pump head.
P is the brake power used by the pump.

Viep = P (2.12)
A-[:I'r‘e wge

AHf = wa (2.13)
Pre re w’?e

Pf = ppf wsf (2.14)

2.1.5. Thermal liquid properties

Simscape uses tabulated data for the thermal liquid properties at different temperatures and pressures.
The properties most relevant to this research are the density, specific heat capacity, and the kine-
matic viscosity of the liquids. The change in density is relatively small in the temperature and pressure
brackets that this research operates in. Figure 2.1 shows the variance in specific heat capacity. The
kinematic viscosity of 50% ethylene glycol displayed in figure 2.2 has an even more significant variance
in the relevant temperature bracket, as it varies between 1 mm?/s and 7 mm?/s.

Specific Heat at Constant Pressure (kJ/(kg*K)) e Reload Data ‘
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T_max =393.16 K p_max = 5.00e+01 MPa

Figure 2.1: Specific heat capacity of 50% ethylene glycol at different temperatures and pressure



2.2. System model 7

Kinematic Viscosity (mm*2/s) L Reload Data ‘

Ethylene glycol and water mixture (50 vol%)

9 g0-
o~
E
E
> 60 —|
‘o
o
o
o
= 40 —
=2
-t
]
§ 20 |
£
X
O =
200
Temperature (K) Pressure (MPa)
T_min=232.64 K p_min = 1.00e-02 MPa
T_max = 393.16 K p_max = 5.00e+01 MPa

Figure 2.2: Kinematic viscosity of 50% ethylene glycol at different temperatures and pressure

2.2. System model

The cooling system used in this research is a cooling system that uses two coolant circulation pumps
and two heat exchangers with river water supplied by two pumps, which provides cooling to six fuel cell
units. This cooling system is based on a proposed cooling system for an inland container vessel with
an installed electrical fuel cell power of 1200 kW. Figure 2.3 shows a schematic overview of the cooling
system. The coolant circulation pumps, the heat exchangers, and the fuel cell units are installed in
a parallel configuration. Both coolant circulation pumps have a check valve on the pressure side to
prevent flow back in cases where one pump overpowers the other.

The coolant flow is provided by pumps PUQ05 and PU06. Pump PUQS5 is a variable-speed pump. To-
gether, they provide the nominal coolant flow of 24.4 kg/s. The maximum heat load of a fuel cell unit is
350 kW. Six fuel cell units result in a total heat load of 2100 kW. To cope with this, two heat exchangers
have been installed. Heat exchanger 1 is capable of transferring up to 1420 kW of heat with an outside
river water temperature of 25 °C. Heat exchanger 2 is capable of transferring up to 710 kW of heat in
those same conditions. The heat exchangers are provided with river water by pumps PUO1 and PUO2,
which provide a flow of 18.61 kg/s and 9.44 kg/s, respectively.

The only validation data available for the entire system is the nominal operation. The pressure drop
over the heat exchangers is known. The pressure drop over the pipes and valves was left as is within
Simscape. To ensure that the system had the proper flow in nominal conditions, a "tuning” resistance
needed to be added. The cooling system side of the fuel cell units was chosen as increasing the
pressure drop in this section of the system would have a similar effect on the system pressure drop
regardless of the number of active fuel cell units due to them being installed in parallel. This increase
in pressure drop was achieved by increasing L4, for these pipe elements. This results in no changes
within the heat flow calculations.

To aid with the resistance calculations used for the optimisation models, the model was divided into 11
main sections, with sections 5 and 7 having sub-sections. All sections are parts of the cooling system
between two junctions. Table 2.1 provides an overview of these sections. The four pipe dimensions
used within the cooling system can be seen in table 2.2. The dimensions for the three different valves
used in the model are shown in table 2.3. Cd and Re.,;; are unchanged from the Simscape preset,
as these valves lacked validation data. The maximum orifice area, A,,..., is portrayed based on the
pipe diameter A as valves for different pipe dimensions were used throughout the model. A,,,. for
the butterfly valve is an estimate based on a schematic drawing of the valve. A,,,, for the three-way
valve and for the check valve are not based on validated data or a drawing and could be misaligned
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with reality. The pipes in the model have been assigned a thermal mass to account for their resistance
against temperature change. The thermal mass for components where it was impossible to assign their
thermal mass to their Simscape element was added to the thermal mass of surrounding pipes. These

components include the heat exchangers and the pumps.

Table 2.4 provides an overview for each section of the length of the pipes, the sizing of the pipes, the
thermal mass of the section, and the number of bends. Valves in a section have the same sizing as

the pipes of that section. The bend radius for all bends equals 1.5 times the pipe diameter.
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Table 2.1: Cooling system zones

Section 1
Section 2
Section 3

Section 4

Section 5,
Section 5,
Section 53
Section 54
Section 55
Section 6
Section 74
Section 75

Section 73
Section 74
Section 75

Section 7¢
Section 8

Section 9
Section 10
Section 11

Pipes and valves connecting to and from pump PUQ05

Pipes and valves connecting to and from pump PUQ05

Pipes from the connection of zone 1 and zone 2 until the separation to fuel cell
unit 1

Pipes from the connection of the bypass and the heat exchanger path until the
separation into zone 1 and zone 2

Pipes from the junction to fuel cell unit 1 until the junction to fuel cell unit 2
Pipes from the junction to fuel cell unit 2 until the junction to fuel cell unit 3
Pipes from the junction to fuel cell unit 3 until the junction to fuel cell unit 4
Pipes from the junction to fuel cell unit 4 until the junction to fuel cell unit 5
Pipes from the junction to fuel cell unit 5 until fuel cell unit 6

Pipes and valves connecting to and from a fuel cell unit

Pipes from the junction from fuel cell unit 1 until the three-way valve

Pipes from the junction from fuel cell unit 1 until the junction from fuel cell unit
2

Pipes from the junction from fuel cell unit 2 until the junction from fuel cell unit
3

Pipes from the junction from fuel cell unit 3 until the junction from fuel cell unit
4

Pipes from the junction from fuel cell unit 4 until the junction from fuel cell unit
5

Pipes from the junction from fuel cell unit 5 until fuel cell unit 6

Pipes from the three-way valve until the connection of the bypass and the heat
exchanger path

Pipes from the three-way valve until the split to the heat exchangers

Pipes and valves to and from heat exchanger 1 including heat exchanger 1
Pipes and valves to and from heat exchanger 2 including heat exchanger 2

Table 2.2: Pipe dimensions

Diameter 54.79 [mm]
DNSO Area 2354.83  [mm?]
Diameter  82.80 [mm]
DN&0 Area 5387.09  [mm?]
Diameter 108.20 [mm]
DNT00  Area 922579 [mm?’]
Diameter 134.49 [mm]
DN125  \ea 1419352 [mm?]
Table 2.3: Valve dimensions
Ccd 0.64 [
BUtterﬂy Amax 0.85A4 [mm2]
valve

Recrit 150 [']
Three- Cd 0.7 [-]

way Apmaz 0954  [mm?]
valve Reie 12 -]
Check Cd 0.64 [-]

Amae  0.854  [mm?]

valve Recrit 12 [']
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Table 2.4: Cooling system pipe length, size, thermal mass and bends, per section

DN50 [mm] [ DN80 [mm] [ DN100 [mm] | DN125 [mm] | Mass [kg] [ Bends
Section 1 - - 1200 - 106 -
Section 2 - 1200 - - 76 -
Section 3 - - - 7600 143 3
Section 4 - - - 1200 24 -
Section 5.1 - - - 1286 25 -
Section 5.2 - - 1082 71 27 -
Section 5.3 - - 1287 - 19 -
Section 5.4 - 1103 75 - 23 -
Section 5.5 1200 77 - - 17.5 -
Section 6 1160 - - - 22.4 2
Section 7.1 - - - 3500 73 1
Section 7.2 - - - 1286 25 -
Section 7.3 - - 1082 71 27 -
Section 7.4 - - 1287 - 19 -
Section 7.5 - 1103 75 - 23 -
Section 7.6 1200 77 - - 17.5 -
Section 8 - - - 1800 20 -
Section 9 - - - 1200 20 2
Section 10 - - - 1800 330
Section 11 - - - 1800 310 -

2.3. Fuel cell model

The fuel cell unit is modelled using three pipe segments and a thermal mass as the main components
based on the PEM fuel cell system example by Mathworks [26]. Two pipe segments simulate the heat
exchanger within the fuel cell unit, allowing heat transfer between the cooling system and the fuel cell
unit. The third pipe segment simulates the cooling channels within the fuel cell unit through which the
heat generated by the fuel cell unit is transported away. The thermal mass is connected to the third
pipe segment and simulates the thermal mass of the fuel cell unit.

The thermal mass block requires the mass of the object and the specific heat capacity. The mass of
the fuel cell unit was estimated using the specification sheet provided by Ballard [10]. They estimate
the total weight of a fuel cell unit to be around 1000 kg. This weight includes systems like the air and
H2 supply, parts of which do not experience exposure to the heat generated within the fuel cell unit.
For this reason, the weight of the mass that would experience significant heating was estimated to be
700 kg per fuel cell unit.

The specific heat capacity used for the thermal mass of the fuel cell unit is 870 J/(kgK). This value is a
decent average of the components of a PEM fuel cell unit as laid out by Spiegel [30]. Boulmrharj et al.
[4] provide a specific heat capacity of 881 J/(kgK) for the frame of a PEM fuel cell unit, which is in line
with the chosen specific heat capacity.

The fuel cell unit for this research is capable of regulating its own temperature. To achieve this, the
fuel cell unit has a cooling loop that is separate from the main cooling system. It is assumed this loop
also uses 50% ethylene glycol as a coolant and maintains a constant mass flow of 4.07 kg/s through
the fuel cell unit, which is the nominal coolant flow of the cooling system through a single fuel cell
unit. To determine the amount of heat transferred between the fuel cell unit and the cooling system, a
lookup table was made, displayed in figure 2.4. The addition of the fuel cell units self-regulating their
temperature came late into the making of the model. For this reason, the lookup table solution was
chosen over implementing a heat exchanger block, as the lookup solution did not change the main
cooling system. No data was available on the internal heat exchange of the fuel cell units, so using a
heat exchanger block would have also resulted in speculative data. Additionally, using Simscape heat
exchangers would have required flow management of the flow inside the fuel cell unit to manage the
amount of heat flow. Until the thermal mass representing the fuel cell unit has reached a temperature
of 64 °C, no heat transfer occurs between the fuel cell unit and the main cooling system. Between



2.3. Fuel cell model 11

64 °C and 65 °C, the heat transferred increases to 102% of the heat generated by the fuel cell unit.
The choice of 64 °C is relatively arbitrary for this specific research as during all simulations, the fuel
cell units are already at their nominal operating temperature of 65 °C at the start of the simulation. If
one were to look into controlling the fuel cell unit start-up procedure, then this is an area that requires
further research. After 65 °C, the amount of heat transferred keeps rising. At 66 °C, the maximum
amount of heat transferred is equal to 115% of the fuel cell heat load. From 66 °C onwards, the
maximum amount of heat transfer increases with 5% of the fuel cell heat load per 1 °C of fuel cell
unit temperature. The amount of heat transferred between the fuel cell unit and the cooling system is
Capped by mcoolant_mainCp,coolant_main (Tcoolant_fuelcell - Tcoolant_main) to prevent heat flow from a cold
source to a warm sink.

1I_2m::ulltur;: table for heat transfer between fuel cell and cooling system
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Figure 2.4: Graph of the 1-D lookup table used for heat transfer between fuel cell unit and cooling system

The dimensions of the pipe that simulate the fuel cell cooling channels are based on the method used
in the Mathworks example [26]. They determine the pipe length as the square root of the active area
of the fuel cell unit times the number of passes; the cross-sectional area is the coolant channel width
squared times the number of coolant channel layers, and the hydraulic diameter is equal to the width of
a coolant channel. The fuel cell active area was calculated by scaling the fuel cell unit used in the paper
by Liso et al. [22] as this paper uses a fuel cell unit made by the same manufacturer. The assumption
was made that the coolant channel and the connected thermal mass needed to maintain a temperature
of 65 °C with a heat load of 350 kW and a coolant mass flow of 4.07 kg/s with a temperature of 40 °C.
This was empirically achieved by increasing the number of passes, which increases the pipe element
length. The length was chosen as changing this parameter has a more positive influence on changing
the surface area of the pipe. Increasing the pipe diameter was also an option, but this resulted in a
comparatively larger increase in pipe volume. An actual fuel cell unit has multiple cooling channels,
resulting in a larger surface area to volume ratio, which is why minimising the volume increase was
preferred. The three pipe elements have the same dimensions except for the fuel cell unit side of the
heat exchanger. This pipe element has 10% of the length compared to the other pipe elements in a bid
to minimise the coolant volume inside the fuel cell unit. This results in a faster temperature response for
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the fuel cell temperature. No thermal mass is connected to this pipe element, and the wall temperature
of this pipe is irrelevant to the results. This means that while it results in a very cold wall temperature,
it does not impact the rest of the model and will provide the same amount of heat transfer.

An overview of the fuel cell pipe dimensions can be seen in table 2.5. The resulting pipe element ends
up being a long and narrow pipe. Calculating the heat transfer in nominal conditions using equations
2.4 and 2.5 results in a Q.ong 0f 2.75 kW and a Q... of 353.38 kW, which is sufficiently close to the
target of 350 kW.

Table 2.5: Fuel cell pipe dimensions

L 17.12  [m]

A 20 [cm?]
Dy, 1 [cm]
Loda 15.5 [m]

2.4. Pump model

The cooling system has a total of four pumps. The river water pumps PUO1 and PUO2 have a nominal
flow of 66 m3/h and 33 m?3/h, respectively. PUO1 provides the flow of river water to the larger heat
exchanger HE1 and PUO2 to the smaller heat exchanger HE2. Both pumps are fixed-speed pumps
with a nominal speed of 2900 rpom. The coolant flow is provided by pumps PUO5 and PUOQ6 placed
in parallel. PUOS5 is the larger of the two pumps with a nominal design flow rate of 56 m?/h and is a
variable-speed pump. PUOG is a fixed-speed pump with a nominal design flow rate of 28 m3/h. Graphs
of the tabulated data used to model the pumps are displayed in figures 2.5, 2.6, 2.7 and 2.8 for pumps
PUO1, PU02, PUO5, and PUOG respectively.
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2.5. Heat exchanger model

The specific dissipation £ of both heat exchangers needs to be calculated to model the heat exchangers.
¢ is a 2D array calculated by varying the flow of the warm and cold streams through the heat exchanger.
Both flows vary from 0.01% to 110% of the nominal flow with steps of 10%. Effectiveness and number
of transfer units as described by A.F. Mills and C.F.M. Coimbra [23] was used to calculate the value
of £ for these 144 different flow conditions. The heat transfer coefficient U needs to be calculated for
both heat exchangers. The first step is to calculate the thermal capacities C; and C¢ of the hot and
cold flow, respectively. These are the product of the mass flow rate and the heat capacity of the fluid
as shown in equation 2.15.

Cu =mucpu (2.15)

Using equation 2.16, the capacity ratio Rc can be determined as it is the ratio between the highest
value and the lowest value of C'y and C¢. The effectiveness of the heat exchanger ¢ can be calculated
using equation 2.17 as it corresponds to the ratio between the actual heat transfer happening within
the heat exchanger and the maximum possible heat transfer based on the lowest thermal capacity and
maximum temperature difference.

Cmin
_ 2.16
RC Cmaw ( )
. OH (TH_zn - TH_out) (2 17)

B Cmin(TH_in - TC_in)

In turn, the number of transfer units, NT'U, and the heat transfer coefficient, U, can be calculated using
equations 2.18 and 2.19. The area A is the heat transfer area of the heat exchanger. The results for
these calculations are displayed in table 2.6 for HE1 and in table 2.7 for HE2. The validated nominal
condition of the heat exchangers was used for these calculations.

. 1 1*€RC
NTUl_Rcln< T > (2.18)

_ NTUCyin

v A

(2.19)
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Table 2.6: Calculation results of U for HE1 Table 2.7: Calculation results of U for HE2
Ty in 65 [°C] Ty in 65 [°C]
TH_out 40 [O C] TH_out 40 [O C]

To in 25 [°C] To_in 25 [°C]
TC_out 44 [O C] TC_out 44 [O C]

Chr 57104 [WIK] Ch 28552  [WIK]
Co 77333 [WIK] Co 38672 [WIK]

Re 0.738 [ Re 0.738 [

€ 0.625 [1] € 0.625 [1]

NTU 138 [ NTU 138 [

Agm 1556 [m?] Agp 791 [m?]
Ugpr 5077  [W/(m?2K)] Ugpr 4993  [W/(m2K)]

The order of calculations made above is reversed to calculate the specific dissipation ¢ for all 144 flow
scenarios. U is now known and Ty ,,+ and T¢ .+ are unknown. Either of these two temperatures
must be calculated to calculate £. Equations 2.17, 2.18 and 2.19 are rearranged such that they solve
for Ty out, € and NTU respectively. With T ., known, the total heat transfer per second @ can be
calculated with equation 2.20. From equation 2.11 £ can be calculated by dividing @ by the difference
between Ty 4, and T ;.

Q= Cu(Tua_in — TH_out) (2.20)



Optimisation models

Based on the model from chapter 2, two different optimisation models were made. The steady-state
optimiser, explained in section 3.1, aims to provide an optimal configuration of the river water pumps,
coolant circulation pumps, and the three-way valve based on the heat load of the fuel cell units and
river water temperature. Compared to this, the current-state optimiser, explained in section 3.2, also
takes the current state of the temperature of the fuel cell units and the coolant into account for multiple
time steps. The chapter closes with section 3.3, which is about the differences between the values of
variables obtained from the optimiser models and those variables measured in the Simulink model.

3.1. Steady-state optimiser

The steady-state optimiser works based on the idea that with a known heat load of the fuel cell units
and river water temperature, the optimiser can determine the configuration of the river water pumps,
coolant circulation pumps, and the three-way valve that results in the lowest power consumption of the
cooling system. To achieve this, a Mixed Integer Quadratically Constrained Program (MIQCP) model
was constructed. Section 3.1.1 provides the mathematical model for the 6 fuel cell units variant with
sections 3.1.2 and 3.1.3 showing the changes made to the mathematical model to adapt it to 4 and 2
active fuel cell units respectively.

3.1.1. Steady-state optimiser mathematical model

This section explains the mathematical model for the 6 fuel cell units variant of the steady-state opti-
miser. The constant parameters are shown in table 3.1. Worth noting is that the heat load of the fuel
cell units, heat ., and the river water temperature, T-, have no set value in this table as they change
depending on the simulation. During the optimisation, they are, however, constant.

The variables that are changed by the optimisation model are shown in table 3.2. The main variables
are npyoi, npPUo2, MPUos, Nruos and ny.we as they are the variables that correspond to the optimal
cooling system configuration. Variables like flows, o are included in the model so it can cope with
multiplying more than two variables at once, as without introducing intermediate variables, an MIQCP
model is incapable of doing that.

16



3.1. Steady-state optimiser 17
Table 3.1: Steady-state parameters

Parameters
Name Description Value Unit
PEG Density of 50% ethylene glycol 1057 [kg/m3]
Cp,EG Specific heat capacity of 50% ethylene glycol 3473 [J/(kg-K)]
Cd Discharge coefficient 0.7 [-]
kPa_head  Conversion factor from kPa to head 0.102 [-]
Aoz Maximum area of the orifice of the three-way valve 0.0088 [m?]
A Total area of the three-way valve 0.0092 [m?]
heat ¢, Heat load of a fuel cell unit - [W]
Ppyor Power of pump PUO1 3.67 [kW]
Ppyo2 Power of pump PU02 1.96 [kW]
Ppyos_nom  Power of pump PUO5 7 [kW]
Te Temperature of the river water - [°C]
K, Pressure drop coefficient for only section 1 of the cooling system 0.0071  [mH20/(kg/s)?]
Ky Pressure drop coefficient for only section 2 of the cooling system 0.0266  [mH20/(kg/s)?]
Ko Pressure drop coefficient for sections 1 and 2 of the cooling system 0.0031  [mH20/(kg/s)?]
K3 Pressure drop coefficient for section 3 of the cooling system 6.17e-4 [mH20/(kg/s)?]
Ky Pressure drop coefficient for section 4 of the cooling system 8.03e-5 [mH20/(kg/s)?]
Ky 1 Pressure drop coefficient for section 5_1 of the cooling system 8.91e-5 [mH20/(kg/s)?]
Ky o Pressure drop coefficient for section 5_2 of the cooling system 3.20e-4 [mH20/(kg/s)?]
Ks 3 Pressure drop coefficient for section 5_3 of the cooling system 2.81e-4 [mH20/(kg/s)?]
Ks 4 Pressure drop coefficient for section 5_4 of the cooling system 9.75e-4 [mH20/(kg/s)?]
Ks 5 Pressure drop coefficient for section 5_5 of the cooling system 0.0089 [mH20/(kg/s)?]
Kg Pressure drop coefficient for section 6 of the cooling system 1.229 [mH20/(kg/s)?]
K7 4 Pressure drop coefficient for section 7_1 of the cooling system 2.91e-4 [mH20/(kg/s)?]
K7 o Pressure drop coefficient for section 7_2 of the cooling system 8.91e-5 [mH20/(kg/s)?]
K7 3 Pressure drop coefficient for section 7_3 of the cooling system 3.20e-4 [mH20/(kg/s)?]
K7 4 Pressure drop coefficient for section 7_4 of the cooling system 2.81e-4 [mH20/(kg/s)?]
K7 5 Pressure drop coefficient for section 7_5 of the cooling system 9.75e-4 [mH20/(kg/s)?]
K76 Pressure drop coefficient for section 7_6 of the cooling system 0.0089 [mH20/(kg/s)?]
Ky Pressure drop coefficient for section 8 of the cooling system 1.06e-4 [mH20/(kg/s)?]
Ky Pressure drop coefficient for section 9 of the cooling system 2.08e-4 [mH20/(kg/s)?]
Ky Pressure drop coefficient for section 10 of the cooling system 0.0135 [mH20/(kg/s)?]
Ky, Pressure drop coefficient for section 11 of the cooling system 0.0507  [mH20/(kg/s)?]
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Table 3.2: Steady-state variables
Variables
Name Description Unit
npUos Continuous variable between 0 and 1 in relation to the current rmp of pump [-]
PUO5
npUos_2 Continuous variable of npyo5 squared [-]
npUos_3 Continuous variable of np;¢5 cubed [-]
npyUos Binary variable that is equal to 1 if pump PUQG is on [-]
npyo1 Binary variable that is equal to 1 if pump PUO1 is on [-]
npUo2 Binary variable that is equal to 1 if pump PUOQ2 is on [-]
NPU0s_on Binary variable that is equal to 1 if pump PUQ5 is on [-]
Nboth,_on Binary variable that is equal to 1 if pumps PUO5 and PU06 are on [-]
Nonly PUOS Binary variable that is equal to 1 if only pump PUO5 is on [-]
Nonly PU0G Binary variable that is equal to 1 if only pump PUOG is on [-1]
Nboth_he Binary variable that is equal to 1 if pumps PUO1 and PUO2 are on [-]
Nonly_hel Binary variable that is equal to 1 if only pump PUO1 is on [-]
Nonly he2 Binary variable that is equal to 1 if only pump PUO2 is on [-]
Ppyos Continuous variable of the power of PU05 [kW]
Ppyos Continuous variable of the power of PU05 [kW]
Nyalve Continuous variable between -1 and 1 in relation to the state of the three-way [—]
valve
flowiorar Continuous variable of the total coolant flow [ka/s]
flowpe Continuous variable of the coolant flow to the heat exchangers [ka/s]
flowper Continuous variable of the coolant flow to heat exchanger 1 [ka/s]
flowpes Continuous variable of the coolant flow to heat exchanger 2 [ka/s]
flows, Continuous variable of the coolant flow through the bypass [ka/s]
flowpyos Continuous variable of the coolant flow generated by pump PU05 [ka/s]
flowppyos Continuous variable of the coolant flow generated by pump PU06 [ka/s]
flowpyos_nom  Continuous variable of the nominal coolant flow generated by pump PUO5 [ka/s]
flowpy, o Continuous variable of flow,, squared [kg?/s?]
flowpe > Continuous variable of flow,. squared [kg?/s?]
Tiotal Continuous variable of the coolant temperature entering the fuel cell units [°C]
Ttc Continuous variable of the coolant temperature exiting the fuel cell units [°C]
The1 Continuous variable of the coolant temperature exiting heat exchanger 1 [°C]
Thea Continuous variable of the coolant temperature exiting heat exchanger 2 [°C]
€hel Continuous variable of the effectiveness of heat exchanger 1 [-]
€he Continuous variable of the effectiveness of heat exchanger 2 [-]
helin on Continuous variable of the temperature difference of the flows entering heat [°C]
exchanger 1
he2in_on Continuous variable of the temperature difference of the flows entering heat [°C]
exchanger 2
headioral Continuous variable of the total system head loss [mH20]
heads Continuous variable of the head loss through section 8 [mH20]
headyg Continuous variable of the head loss through section 10 [mH20]
heady1 Continuous variable of the head loss through section 11 [mH20]
head, gz Continuous variable of the maximum value between headio and head: [mMH20]
headp. Continuous variable of the head loss through the heat exchanger section [mH20]
headpyos Continuous variable of the head generated by pump PUO05 [mH20]
headpyog Continuous variable of the head generated by pump PUO6 [mH20]
headpyos,om  Continuous variable of the nominal head generated by pump PU05 [mH20]
head sp Continuous variable of the head loss in the three-way valve leading to the by- [mH20]
pass
Aap Continuous variable of the orifice area of the three-way valve to the bypass [m?]
Aapa Continuous variable of A 4p squared [m4]
Aap a2 Continuous variable of A 4p divided by A squared [-]
head ar Continuous variable of the head loss in the three-way valve to the heat ex- [mH20]
changers
Aar Continuous variable of the orifice area of the three-way valve to the heat ex- [m?]
changers
Aara Continuous variable of A 47 squared [m*]
Aar_ a2 Continuous variable of A 41 divided by A squared [-]
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The mathematical formulation then follows as:

min  Ppyoinpruor + Ppruo2npuoz + Pruosnpuos_on + Pruoshruos (3.1)
Subject to:
0.0000001 > npros — 5 * NpUos_on (3.2)
0.0000001 < npros + 5 % (1 = npuos_on) (3.3)
0.0000001 > flowpros — 50 * npuos (3.4)
0.0000001 < flowpros + 50 * (1 — npros) (3.5)
Npoth_on = TPU06 * WPUO5_on (3.6)
1.0001 > npyo1 +npuoz — 5 * Npoth_he (3.7)
1.0001 < npyo1 + npvoz + 5 * (1 — Npoth_he) (3.8)
Npoth_he = 0 == Nonly_hel = NPUOL (3.9)
Npoth_he = 0 == Monly_he2 = NPUO2 (3.10)
Nboth_he = 1 == Nonly_he1 =0 (3.11)
Noth_he = 1 = Noniy_he2 = 0 (3.12)
flowpe = flowper + flowpes (3.13)
Npoth_he = 1 = flowper = 2 * flowpea (3.14)
Nonly hel = 1 = flowpea =0 (3.15)
Nonly he2 = 1 = flowper =0 (3.16)
Aup = (Amaz/2) * (1 + nypatve) + 0.00001 (3.17)
Aapz = Aap * Aap (3.18)
Aap_az = (Aap/A) * (Aap/A) (3.19)
headap * (Cdx Cd* Agps * 2% ppg) = (1 — Aap_a2) * flowyy, 2 * kPa_head/1000 (3.20)
Aur = (Amaz/2) * (1 — nyatee) + 0.00001 (3.21)
Aaro = Aar x Aar (3.22)
Apr a2 = (Aar/A) x (Aar/A) (3.23)
headar * (Cd* Cd* Aaps 2% ppg) = (1 — Aar_a2) * flowpe 2 * kPa_head/1000 (3.24)
flowsotar = flowpy + flowpe (3.25)
flowyy o = flowyy, * flowy, (3.26)
flowne 2 = flowpe * flowpe (3.27)
heads = flowy, o * Kg + headap (3.28)
headyg = flowper * flowper x K1g (3.29)
heady1 = flowpes * flowpes x K11 (3.30)
head,qr = max(head;g headiy) (3.31)
headpe = flowpe 2 * Kg + headar + headmqy (3.32)
headp,. = heads (3.33)

Nboth_on = 0 Anpyos =1 = headiotar = flowfoml * (K1) + flowfoml * (K3 + Ky)

+ flow? ., * ((25/36) % K5 1 + (4/9) % K5 o + (1/4) x K5 3 + (1/9) * K5 4 + (1/36) * K5 5

+ (1/36) * K¢ + K7 1 + (25/36) * K7 o+ (4/9) * K7 3+ (1/4) « K7 4+ (1/9) * K7 5 + (1/36) * K7 ¢)
+ flowyy, 2 ¥ Kg + headap (3.34)

Nboth_on = 0 Anpyos =1 = headiota = flowfoml * (Ks) + flowtzotal * (K5 + Ky)

+ flowd o+ ((25/36) % K5 1 + (4/9) K5 o + (1/4) * K5 3 + (1/9) * K5 4 + (1/36) x K5 5

+(1/36) x K + K7 1 + (25/36) * K7 o+ (4/9) * K7 5+ (1/4) * K7 4+ (1/9) * K7 5 + (1/36) * K7 ¢)
+ flowyy 2 * Kg + headap (3.35)

Nboth_on = 1 = headioral = flow?,, . * (K1 2)+ flow?,, ., * (K3 + Ky)

+ flowd .+ ((25/36) % K5 1 + (4/9) * K5 o + (1/4) * K5 3 + (1/9) * K5 4 + (1/36) x K5 5

+(1/36) x Ko + K7 1 + (25/36) * K7 o+ (4/9) * K7 5+ (1/4) * K7 4+ (1/9) « K7 5 + (1/36) * K7 ¢)
+ flowsyp 2 * Kg + headap (3.36)
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nNpuos_2 = NpPU0s * NPUOS (3.37)
nNpyos_3 = NPU05_2 * NPUOS (3-38)
flowpyos_nom = PW L(headpyos_nom) (3.39)
flowpyos = PW L(head pyos) (3.40)
Ppyos = 2+ flowpyoe * (1/8.81) (3.41)
Ppyos = npuos_s * (4.5 + flowpyos_nom * (1/6.851)) (3.42)
flowpuos = npuos * flowpros_nom (3.43)
headpyos = npuos_2 * headpyos_nom (3.44)
npyos_on = 1 = headiotar = headpyos (3.45)
npyos = 1 = headiorq; = headpyos (3.46)
Jlowiotar = flowpyos + flowpyos (3.47)
Ehe1 = PW L(flowper) (3.48)
Ehea = PW L(flowpe2) (3.49)
helin on = (Tte — Tc) * npuor (3.50)
he2in on = (e —Tc) * npuoe (3.51)
The1 = —€het * helin on + (Ttc) (3.52)
Thez = —€he2 * he2in_on + (Tfc) (3.53)
heat o < ((flowiotar/6) * cp.ec) * (65 — (Tiotar + 1.4)) (3.54)
Tiotar * (flowiorar * (1/6) x ¢y Ba) = (Tre) * (flowiotar * (1/6) % ¢p pc) — heat fc (3.55)
Tiotal * flowiotar = flowner * Ther + flowpes * Thea + flowyy, * T (3.96)

Objective function 3.1 aims to minimise the total power used by the river water pumps PU01 and PU02
and the coolant circulation pumps PUO5 and PU06. The constraints can be categorised into five sets
of constraints. Constraints 3.2 - 3.16 keep track of which pumps are active and how that affects the
flow through the heat exchangers. Constraints 3.17 - 3.24 determine the pressure drop over the three-
way valve. Constraints 3.25 - 3.36 regard the system pressure drop and how this affects the flow.
Constraints 3.37 - 3.47 are the coolant circulation pump calculations. Finally, constraints 3.48 - 3.56
are the system heat balance constraints.

Constraints 3.2 and 3.3 ensure that npys_o» €quals 1 if pump PUOS is active. Constraints 3.4 and 3.5
ensure that there is basically no flow generated by pump PUOG6 if turned off. Constraint 3.6 sets the
variable nyo:n_on to 1 if both pump PUO5 and PUOG are active. Constraints 3.7 - 3.16 regulate the flow
through the heat exchangers. Constraints 3.7 and 3.8 ensure that variable ny.¢,_ne is €qual to 1 if both
heat exchangers are active. Constraints 3.9 - 3.12 assign a value of either 1 or 0 to variables nniy ne1
and noniy_ne2 based on the value of nyo,_ne. Constraint 3.13 enforces that the sum of the flow into
the two heat exchangers equals the total flow into the heat exchanger section of the cooling system.
Constraint 3.14 ensures that if both heat exchangers are active, the flow into heat exchanger 1 is twice
that of heat exchanger 2. Constraints 3.15 and 3.16 set the flow of the inactive heat exchanger to 0.

Constraint 3.17 calculates the area of the orifice of the three-way valve leading to the bypass corre-
sponding to equation 2.8. Constraints 3.18 and 3.19 square the variables A 4 and AA# respectively.
Constraint 3.20 calculates the value of the variable for the pressure drop in meter water column head 4 p
according to equation 2.7. Constraint 3.21 calculates the area of the orifice of the three-way valve lead-
ing to the bypass corresponding to equation 2.8. Constraints 3.22 and 3.23 square the variables A1
and AA# respectively. Constraint 3.24 calculates the value of the variable for the pressure drop in
meter water column head 47 according to equation 2.7.

Constraint 3.25 ensures that the flow to the heat exchanger section of the cooling system and the flow
through the bypass sum to the total system flow. Constraints 3.26 and 3.27 square the variables for the
flow through the bypass flowy, and the flow to the heat exchangers flowy.. Constraints 3.28, 3.29, and
3.30 calculate the pressure drop in meter water column for sections 8, 10, and 11 of the cooling system.
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Constraint 3.31 sets the value of variable head,, ., equal to the highest value between variables head;
and head;,. Constraint 3.32 calculates the total pressure drop through the heat exchanger section of
the cooling system. Constraint 3.33 ensures that the pressure drop through the heat exchanger section
of the cooling system is equal to the pressure drop through the bypass. Constraints 3.34, 3.35 and 3.36
calculate the total pressure drop in the system head;,.q; for only PUOS active, only PUO6 active and
both circulation pumps active, respectively.

Constraints 3.37 and 3.38 square and cube variable npyo5. Constraint 3.39 is a piecewise linear con-
straint where, with the use of a piecewise linear function, a value of flowpyos_nom €an be derived from
a value of headpyos_nom and vice versa. Constraint 3.40 is a piecewise linear constraint where, with
the use of a piecewise linear function, a value of flowpy o can be derived from a value of head pyrog and
vice versa. Constraint 3.41 calculates the power usage of pump PU06. Constraint 3.42 calculates the
power usage of pump PUQ5. Constraints 3.43 and 3.44 adjust the flow and pressure increase through
pump PUQS based on the pump speed. Constraints 3.45 and 3.46 ensure that the pressure generated
by the pumps equals the total system pressure drop if the pump is active for both pump PU05 and pump
PUOG6. Constraint 3.47 determines that the total system flow equals the sum of the flows generated by
the circulation pumps.

Constraint 3.48 is a piecewise linear constraint where, with the use of a piecewise linear function, a
value of ;. can be derived from a value of flow;.;. Constraint 3.49 is a piecewise linear constraint
where, with the use of a piecewise linear function, a value of ¢,.o can be derived from a value of
flowpeo. Constraints 3.50 and 3.51 calculate the temperature difference at the inlet of the respective
heat exchanger multiplied by the binary variable for the state of the river water pumps to ensure that
the value is equal to O if the pumps are off. Constraints 3.52 and 3.53 calculate the temperature of
the coolant leaving the heat exchangers. Constraint 3.54 ensures that coolant with enough cooling
capacity flows through the fuel cell unit with an additional temperature buffer of 1.4 °C. Constraint 3.55
is the heat balance over a single fuel cell unit. Constraint 3.56 is the heat balance of the combined
flows of the heat exchanger section of the cooling system and the bypass.

The variables for flow, power, head, and the three-way valve all have a lower bound of 0 to prevent
reverse flow from being considered by the optimisation model. Furthermore, the total flow flow;oa;
has a lower bound of 12 kg/s, which ensures a flow of 2 kg/s through the fuel cell units.

3.1.2. 4 active fuel cell units variant
Adapting the model to 4 active fuel cell units requires changes to the constraints that deal with the
flow through the fuel cell units. This leads to constraints 3.34 - 3.36, 3.54 and 3.55 being changed as
followed:

Noth_on = 0 Anpyos =1 = headiotar = flow? ., * (K1) + flow?,,; * (K3 + K4)

+ flowd o % ((9/16) % K5 1 + (1/4) % K5 o + (1/16) % K5_3

+(1/16) * K + K7 1 + (9/16) * K7 o+ (1/4) x K7 5 + (1/16) * K7 4)

+ flowyy 2 * Kg + headap (3.57)

Nboth_on = 0 Anppos = 1 = headiorar = flowl ., * (K2) + flow?,., * (K3 + Ky)

+ flow? ., * ((9/16) % K5 1 + (1/4) * K5 o + (1/16) * K5_3

+(1/16) * Kg + K7 1 + (9/16) * K7 o+ (1/4) * K7 5+ (1/16) * K7 4)

+ flowyy, 2 * Kg + headap (3.58)

Nboth on = 1 == headiotar = flowd,, * (K1 2) + flows,, * (K3 + Ky)

+ flowd e * ((9/16) x K5 1 + (1/4) * K5 o + (1/16) % K5 _3

+(1/16) * Ko + K7 1 + (9/16) * K7 o+ (1/4) * K7 5 + (1/16) * K7 4)

+ flowyy 2 * Kg + headap (3.59)
heats. < ((flowiotar/4) * cp,Ec) * (65 — (Tiotar + 3)) (3.60)
Tiotal * (flowiotar * (1/4) * cp.a) = (Tye) * (flowiorar * (1/4) * ¢p. pa) — heat s, (3.61)

The main change is removing parts of the cooling system that aren’t active, which results in removing
some terms and dividing by 4 rather than 6. An additional change is that in constraint 3.60 (T};y4; +1.4)
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is changed to (T;.ta; + 3). Having a 3-degree temperature buffer with 6 fuel cell units is not viable as
there are scenarios where the heat exchangers don’t have enough cooling capacity. Therefore, the
buffer was set to 1.4 °C as this was the maximum allowable buffer. The lower bound for flow;,,; has
been lowered to 8 kg/s.

3.1.3. 2 active fuel cell units variant

Adapting the model to 2 active fuel cell units requires changes to the constraints that deal with the
flow through the fuel cell units. This leads to constraints 3.34 - 3.36, 3.54 and 3.55 being changed as
followed:

Nhoth_on = 0 Anppos = 1 = headiotar = flowd, * (K1) + flowd,, * (K3 + Ky)

+ flowd o * (1/4) * K5 1 + (1/4) * Ko + K7 1 + (1/4) * K7 2) + flowy, 2 * Ks + headap  (3.62)
Nboth_on = 0 Anpros = 1 = headiorar = flowd,y * (K2) + flowd,,,; * (K3 + Ky)

+ flowd o * (1/4) * K5 1 + (1/4) * Ko + K7 1 + (1/4) * K7 2) + flowy, 2 * Ks + headap  (3.63)
Nboth_on = 1 = headora = flowfotn’l * (K1 2) + flowfoml x (K3 + Ky)

+ flow?,,; * ((1/4) Ky 14+ (1/4) « Ko+ K7 1+ (1/4) * K7 2) + flowyy, 2 * Ks + headap  (3.64)
heatse < ((flowiotar/2) * cppc) * (65 — (Tiotar + 3)) (3.65)
Tiotal * (flowiotar * (1/2) * ¢p. ra) = (Te) * (flowiorar * (1/2) * ¢p ga) — heat s (3.66)

The main change is removing parts of the cooling system that aren’t active, which results in removing
some terms and dividing by 2 rather than 6. Like with 4 fuel cell units, constraint 3.65 has a buffer of 3
°C. The lower bound for flow;.q; has been lowered to 4 kg/s.

3.2. Current-state optimiser

The current-state optimiser is an expansion of the steady-state optimiser. Rather than basing the opti-
misation result on just external factors like the steady-state optimiser, the current-state optimiser takes
into account the current state of the cooling system by way of integrating the current temperature of
the fuel cell units, the coolant entering the fuel cell units and the coolant leaving the fuel cell units.
Furthermore, to increase the ability of the model to control the temperature of the fuel cell units, the
optimisation is run over multiple steps. This is to ensure that the optimisation model aims to maintain
the fuel cell temperature at the reference temperature for extended periods of time rather than rushing
to reach the reference temperature and subsequently overshooting or undershooting.

The current-state optimiser was split into two parts to improve computation speed. The first part is the
heat flow optimiser, for which the mathematical model can be seen in section 3.2.1. This optimiser
optimises the river water pump allocation and the coolant flow allocation through the three-way valve
for multiple time steps. Section 3.2.2 shows the changes made to the heat flow optimiser to account
for 2 and 4 active fuel cell units. The coolant flow allocation for the first time step is used in the coolant
flow optimiser, which is explained in section 3.2.3. This optimiser provides the coolant circulation pump
allocations and the three-way valve position to achieve the coolant flow from the first time step of the
heat flow optimiser with the lowest power consumption of the coolant circulation pumps.

3.2.1. Current-state optimiser heat flow mathematical model

This section explains the mathematical model for the 6 fuel cell units variant of the current-state opti-
miser. Most parameters from table 3.1 also apply to the current-state optimiser. Table 3.3 shows the
additional parameters required for the current-state optimiser. Table 3.4 shows the sets, indices, and
variables used in the heat flow optimiser.
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Table 3.3: Current-state parameters

Parameters

Name Description Value Unit

Mye Mass of a fuel cell unit 700 [kal

Cp, fe Specific heat capacity of a fuel cell unit 870 [J/(kg-K)]

Ttuelcell_start,n,  INitial temperature of fuel cell unit n - [°C]

Tiotal_start Initial temperature of the coolant entering the fuel cell units - [°C]

Ttc start Initial temperature of the coolant exiting the fuel cell units - [°C]

Truelcell ref Optimal fuel cell operating temperature 65 [°C]

Ts Time step 60 [s]

Table 3.4: Current-state variables

Sets and indices

I Set containing the time steps 1el

N Set containing the number of active fuel cell units nenN

Variables

Name Description Unit

npyUol,i Binary variable that is equal to 1 if pump PUO1 is on for time step i [-]

NpU02,i Binary variable that is equal to 1 if pump PUO2 is on for time step i [-1]

Nboth_he,i Binary variable that is equal to 1 if pumps PUO1 and PUQ2 are on for time step  [—]
i

Nyalve,i Continuous variable between 0.01 and 0.99 in relation to the state of the three- [—]
way valve for time step i

flowsotari Continuous variable of the total coolant flow for time step i [ka/s]

flowper i Continuous variable of the coolant flow to heat exchanger 1 for time step i [ka/s]

flowpea,; Continuous variable of the coolant flow to heat exchanger 2 for time step i [kg/s]

flowpy,; Continuous variable of the coolant flow through the bypass for time step i [kg/s]

Tiotal i Continuous variable of the coolant temperature entering the fuel cell units for [°C]
time step i

Te,i Continuous variable of the coolant temperature exiting the fuel cell units for [°C]
time step i

The,i Continuous variable of the coolant temperature exiting heat exchanger 1 for [°C]
time step i

The2,i Continuous variable of the coolant temperature exiting heat exchanger 2 for [°C]
time step i

Tuelcell,n,i Continuous variable for the temperature of fuel cell unit n at time step i [°C]

Q fuclcell,n,i Continuous variable for the total energy exchanged from fuel cell unit n to the [J]
cooling system during time step i

n_Tryeiceli,n,i  Binary variable that is 1 when the temperature of fuel cell unit n at time stepi  [—]
exceeds Tfuelcell_ref

€heli Continuous variable of the effectiveness of heat exchanger 1 for time step i [-]

€he2,i Continuous variable of the effectiveness of heat exchanger 2 for time step i [-]

helin on.i Continuous variable of the temperature difference of the flows entering heat [°C]
exchanger 1 for time step i

he2in on.i Continuous variable of the temperature difference of the flows entering heat [°C]

exchanger 2 for time step i
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The mathematical formulation then follows as:
min Z Z (10 * n_Tfuelcell,n,i (Tfuelcell,n - Tfuelcell_'ref)
i€l neEN
+ (]- - n_Tfuelcell,n,i)(Tfuelcell_ref - Tfuelcell,n))‘i’
Z(TLPUOLiPPUOl + npvoz,iPruoz + 4 flowsotari) Viel,Vne N (3.67)
el
Subject to:
Tfuelcell_ref > Tfuelcell,n,i - n_Tfuelcell,n,i * 200 Viel ,Vn eEN (368)
Tfuelcell_Tef < Tfuelcell,n,i + (1 - n_Tfuelcell,n,i) * 200 Viel 7V’I’L EN (369)
flowper i < flowiotal,i * npuUoLi VieI (3.70)
Jlowpea,i < flowiotari * nPU02,i Viel (3.71)
Nboth_he,i = MPUOL,i * TPU02,i Viel (3.72)
Nboth_he,i = 1 = flowper,i = 2flowpea i Viel (3.73)
Jlowiotari = flowner,i + flowpez,; + flowpy,; Viel (3.74)
flowtotal,i * Nyalve,i = flowhel,i + flowhe2,i Viel (3.75)
hel,i = PWL(flowper ) Viel (3.76)
€he2,i = PWL(flowpes ;) viel (3.77)
T c_star T C
helin on,1 = (f_#‘*‘fl —T¢) * npyoii (3.78)
T c_star T C
he2in_on,1 = (%—Fﬂ —T¢) *npyoz1 (3.79)
T'c start T c
The1,1 = —€he1,1 * helin_on1 + % (3.80)
T c_star + T C
The2,1 = —€he2,1 * Ne€2in_on,1 + % (3.81)
Trei+ Treiz
helin_on,i = (w —Tc) *npuoi,i ieI\{1} (3.82)
T c,t T c,i— .
he2in_on,i = (% —Tc) * npuoz, iel\{1} (3.83)
T c,t T c,i— .
The1,i = —€net,i * helin_on,i + % ieI\{l} (3.84)
T c,t T c,i— .
Thezi = —€hes,i * he2in_on,i + % ieI\{1} (3.85)
Ttotal,i * flowtotal,i * Cp, EG = ch,i * flowtotal,i * Cp,EG
> (Qtuetcett.n.i/Ts) VieI,vneN (3.86)
nenN
Tiotat,i * flowsorar,i = Thet,i ¥ flowne1,s + Theoi * flowneai + Ty * flowy i Viel (3.87)
heatfc *T's — quelcell,mi = (Tfuelcell,n,i - Tfuelcell_start) *Myfe* Cp fe Viel 7V’I’L eN (388)
heatfc *T's — quelcell,n,i = (Tfuelcell,n,i - Tfuelcell,n,(i—l)) *¥Mfe*Cp fe Viel,VneN (389)
1
quelcell,n,l < gflowtotal,l * Cp, EG * (65 - (Ttotal,l - Ttotal_start)/Q) *T's VneN (390)
1
quelcell,n,i < 6flowtotal,i * Cp EG * (65 - (Ttotal,i - Ttotal7(i71))/2) *T's
viel \{1},Yne N (3.91)

Objective function 3.67 minimises the sum of three different components. The first set of sums is the
deviation of the fuel cell temperature from the reference fuel cell temperature. If the fuel cell temperature
is below the reference temperature, then the first term in the sum is equal to 0 as n_Tyeicerr,n,; Will be
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equal to 0, and the second term in the sum will have a value greater than 0. If the temperature of the
fuel cell unit is higher than the reference temperature, the first term will have a value greater than 0,
and the second term a value of 0 as n_TYyciceir,n,; Will be equal to 1. The temperature overshoot has
been given an additional weighting of 10 to discourage the optimiser from giving a result where there
is an overshoot in fuel cell temperature paired with a reduction in pump power usage. The second
component of the objective function is the minimisation of the power consumption of the river water
pumps PUO1 and PUO2. The final component minimises the total flow as this directly correlates with
the power consumption of the coolant circulation pumps PUO5 and PUO6. The total flow has been
given an additional weight of 4 to encourage the optimiser to keep the flow low, as the power of the
circulation pumps outweighs the power usage of the river water pumps.

Constraints 3.68 and 3.69 set the value of n_T¥yciceir.n,i to 1 for fuel cell unit n during time step i if the
temperature of the fuel cell unit exceeds the reference temperature and to 0O if the fuel cell tempera-
ture is lower than the reference temperature. Constraints 3.70 - 3.75 regulate the flow of the cooling
system. Constraints 3.70 and 3.71 ensure that there is no coolant flow through a heat exchanger if
the corresponding river water pump is inactive. Constraints 3.72 and 3.73 determine that if both heat
exchangers are active, the flow through the larger heat exchanger HE1 is twice that of the smaller
heat exchanger HE2. Constraint 3.74 is the flow balance over the three-way valve. Constraint 3.75
determines the amount of flow through the heat exchangers based on 1,4 ;-

Constraint 3.76 is a piecewise linear constraint where, with the use of a piecewise linear function, a
value of e.1,; can be derived from a value of flowy. ;. Constraint 3.77 is a piecewise linear constraint
where, with the use of a piecewise linear function, a value of €,.2; can be derived from a value of
flowpe2,;. Constraints 3.78 and 3.79 calculate the temperature difference at the inlet of the respective
heat exchanger multiplied by the binary variable for the state of the river water pumps to ensure that
the value is equal to 0 if the pumps are off for the first time step of the optimisation. Constraints 3.80
and 3.81 calculate the temperature of the coolant leaving the heat exchangers for the first time step
of the optimisation. Constraints 3.82 and 3.83 calculate the temperature difference at the inlet of the
respective heat exchanger multiplied by the binary variable for the state of the river water pumps to
ensure that the value is equal to 0 if the pumps are off for all but the first time step of the optimisation.
Constraints 3.84 and 3.85 calculate the temperature of the coolant leaving the heat exchangers for all
but the first time step of the optimisation.

Constraint 3.86 corresponds to the heat flow balance over the fuel cell units. Constraint 3.87 is the heat
flow balance of the combined flows of the heat exchanger section of the cooling system and the bypass.
Constraints 3.88 and 3.89 are the heat flow balance within the fuel cell units for the first time step and all
other time steps, respectively. Constraints 3.90 and 3.91 ensure that there is enough cooling capacity
flowing through the fuel cell units for the first time step and all other time steps, respectively.

The total flow has a lower bound of 12 kg/s and an upper bound of 24.15 kg/s. This is to ensure that
there is a decent level of flow at all times so the system can respond in an adequate time frame. If
the flow is very low, it can take up to a minute before the result of the changes made to the cooling
system reaches the fuel cell units. The upper bound ensures that the coolant flow optimiser has a
viable solution. The other flows have a lower bound of 0 to ensure no backflow in the system. The
flow through HE1 has an upper bound of 16 kg/s and the flow through HE2 of 8 kg/s to ensure the
viable solution with the coolant flow optimiser. Q fyciceir,n,i has an upper bound set to 120% of the heat
generated by the fuel cell unit, heat s..

3.2.2. 2 and 4 active fuel cell units variants

The difference between the 6 fuel cell units variant and the 4 or 2 fuel cell units variant comes down
to a numerical change in constraints 3.90 and 3.91 and some changes to the lower bounds and upper
bounds. The % term in constraints 3.90 and 3.91 gets changed to i for the 4 fuel cell units variant and
to % for the 2 fuel cell units variant. The lower bound for the total flow is 8 kg/s for the 4 fuel cell units
variant and 4 kg/s for the 2 fuel cell units variant. The upper bound for the total flow is 16.1 kg/s for the
4 fuel cell units variant and 8.05 kg/s for the 2 fuel cell units variant.
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3.2.3. Current-state optimiser coolant flow mathematical model

The coolant flow optimiser is an adaptation of the steady-state optimiser from section 3.1. The heat-flow
related constraints 3.48 - 3.56 and the bounds on the total flow have been removed. The changes with
regards to constraints 3.34, 3.35 and 3.36 as mentioned in sections 3.1.2 and 3.1.3 are also applied
for the 4 fuel cell units and the 2 fuel cell units variants of the coolant flow optimiser.

To incorporate the solution from the heat flow optimiser, the following constraints were added:

flowhel = flowhelistart (392)
flowheQ = flowheQ_start (393)
flowbp > flowbp_st(n"t (394)

Constraints 3.92, 3.93 and 3.94 ensure that the flow through the heat exchangers is equal to the flow
through the heat exchangers during the first time step of the heat flow optimiser and that the flow through
the bypass is equal or greater than during the first time step of the heat flow optimiser. flowpei start,
flowpes start @NA flows, siare are the flow values through the heat exchangers and bypass as deter-
mined in the first step of the heat flow optimiser.

3.3. Differencesbetween the optimisation models and the Simscape

model
Most constraints used in the optimisation models are a one-to-one copy of the equations behind the
Simscape blocks as laid out in section 2.1. There are, however, two areas where the optimisation
model has opted for a simplification. The first simplification is the pressure drop calculations, where
both the steady-state optimiser and the current-state optimiser use K-values for their calculations. The
second simplification is that the current-state optimiser does not take the liquid volume of the system
into account.

The K-values are determined at a specific temperature and flow. For this research, the K-values for
each section were determined at their nominal flow and a coolant temperature of 40 °C. The influence
of the flow rate and the kinematic viscosity for section 3 of the cooling system can be seen in figure
3.1. The lower bounds on flow were, in part, implemented to prevent this simplification from becoming
a significant problem, as when one lowers the flow rate, one also has to lower the temperature of that
flow to keep the same cooling capacity. Both these actions increase pressure loss.
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When comparing the total flow of the steady-state solution from the optimiser and the total flow of the
Simscape model in figure 3.2, it can seen that for most scenarios, the optimiser model overestimates the
flow that is being generated. This is expected as with fewer fuel cell units active, the total flow is lower,
thus increasing the relative pressure drop compared to the K-values, which have been determined
using flow rates assuming 6 active fuel cell units.

In the Simscape model, the coolant can be categorised into three different categories. The first is
the coolant that, at the time of a change in cooling system configuration, is being transported from
the heat exchangers to the fuel cell units. This coolant can be considered the “"old” coolant as it was
cooled according to the cooling system configuration of the previous time step. The second coolant
category is the coolant that is being transported from the fuel cell units to the heat exchangers at the
time of a change in cooling system configuration. This is coolant that was previously cooled and heated
according to the cooling system configuration of the previous time step. The final category is the "fresh”
coolant, which is coolant of the previous two categories that has undergone a full circulation of the
cooling system.

Accurately implementing these categories of coolant is possible as the flow and cooling system volume
are known. However, after trying it out, it brought with it an increase in solving time for the optimisation
problem that was deemed too much. With the current rendition, the current-state optimiser takes up to
5 seconds to find an optimal solution when given difficult starting values and three time steps. With the
more accurate coolant calculations, there were scenarios where, after a minute, the optimiser had yet
to find the optimal solution with two time steps.

The simplification of the coolant calculations can be seen in constraints 3.78 - 3.85 where the value for
T. is the average of the starting temperature and the final temperature for that time step. Constraints
3.90 and 3.91 apply this same principle for T},;a;.
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Control methods and simulations

This chapter will detail the different control methods used to control the cooling system in section 4.1.
The chapter closes with section 4.2, which goes over the three types of simulations run to test the
control methods.

4.1. Control methods

This section explains the seven control methods tested in this research. It starts with the more rudi-
mentary methods of “"standard rule” and "temperature difference,” which control based on one and
two temperature measurements, respectively. Following this are "load-based flow” and "load-based
pump”, which feature a basic algorithm to control based on one temperature measurement. The fi-

nal three methods, "lookup”, "steady-state optimised”, and “"current-state optimised”, are based on the
results of an optimiser or directly feature an optimisation model.

4.1.1. Standard rule

This method has been dubbed "standard rule” as it is an evolution of the initially proposed rule set for this
cooling system. The objective of this method is to control the cooling system based on the temperature
of the coolant entering the fuel cell units. The temperature measurement is done in section 3 of the
cooling system. The two river water pumps, the coolant circulation pump PU05, and the three-way valve
are controlled by this control method with an interval of 60 seconds. Coolant circulation pump PU06
is always turned on with this rule set. A secondary rule set was added for river water temperatures at
or below 15 °C as it seemed impossible to have one rule set capable of managing the temperature of
the fuel cell units without massive overcooling in most scenarios. This additional rule set has the same
base rules, but configures the cooling system differently such that the flow to the heat exchangers
is reduced by 25%. Both rule sets maintain nominal flow through the fuel cell units in all scenarios.
The flow through the heat exchangers does not exceed the nominal flow of that heat exchanger. For
example, if there are 6 active fuel cell units and the measured temperature is 30 °C, the flow through
HE1 shall be approximately 16 kg/s and the flow through the bypass approximately 8 kg/s.

The standard rule set is as follows:

Tiotal < 15°C = no active heat exchangers
15°C < Tiorar < 25°C = small heat exchanger active
25°C' < Tiotar < 33°C = large heat exchanger active

33°C < Tiotat = both heat exchangers active

4.1.2. Temperature difference

The control method, "temperature difference”, is based on equation 2.20. If the flow through the fuel
cell units is kept constant, then Cy is constant if one disregards the change in specific heat with a
change in fluid temperature. With constant flow, one can directly correlate the heat load of the fuel cell
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units with the temperature difference of the coolant over the fuel cell units. An additional temperature
sensor is added before the three-way valve to achieve this. With this sensor and the one in sector
3, the temperature difference can be calculated. In the cooling system, there are three breakpoints,
namely, the heat transfer of the heat exchangers. These breakpoints are at 700 kW, 1400 kW, and
2100 kW. The temperature difference brackets can be calculated from these breakpoints with the three
nominal flows for 2, 4, and 6 active fuel cell units. A scenario with 2 active fuel cell units results in only
2 rules. In every case except when the fuel cell units are overheating, HE2 is active. This is because
HE2 covers the first 700 kW bracket, the maximum nominal heat load of 2 fuel cell units.

To improve this method, a new assumption about the cooling system is explored. Pumps PUO1 and
PUO2 are now assumed to be variable-speed pumps. Now, additional brackets can be added to lower
the pump power used when the measured temperature difference is at the lower end of the initial
brackets. The newly added breakpoints are at 350 kW, where pump PUO2 runs at half speed, and
1050 kW, where pump PUO1 runs at 75% speed.

The temperature brackets for 2 fuel cell units are:

AT <12°C = npyo1 =0, npyoz = 0.5
12°C < AT <24°C = npyo1 =0, npyoz =1
24°C < AT = npyo1 =1, npyoz =0

The temperature brackets for 4 fuel cell units are:

AT <6°C = npyo1 =0, npyoz =0.5
6°C < AT <124°C = npyo1 =0, npyoz =1
12.4°C < AT < 18°C = npyo1 = 0.75, npyo2 =0
18°C < AT <24.8°C = npyo1 = 1, npyoz =0
24.8°C < AT = npyo1 = 1, npyez = 1

The temperature brackets for 6 fuel cell units are:

AT <4°C = npyo1 =0, npyoz =0.5
4°C < AT <8.25°C = npyn =0, npyez =1
8.25°C' < AT < 12°C' = npye1 = 0.75, npyoe =0
12°C' < AT <16.5°C = npyor =1, npyo2 =0
16.5°C < AT = npyo1 =1, npyoe =1

4.1.3. Load-based flow

This control method is based on the fact that the heat exchangers have been selected in a way that
the small heat exchanger HE2 is capable of cooling 2 active fuel cell units, the large heat exchanger
HE1 is capable of cooling 4 active fuel cell units, and together they are capable of cooling 6 active fuel
cell units. So, rather than turning river water pumps on and off depending on the coolant’s temperature,
they are turned on or off depending on the amount of active fuel cell units.

This method alters the coolant flow to reduce the cooling system’s power usage. The previous two
methods used either the temperature of the coolant entering the fuel cell units or the temperature
difference of the coolant over the fuel cell units. Neither of these measurements works, as knowing
the flow is necessary to determine the state of the temperature of the fuel cell units definitively. A
measurement that gives an inclination of the state of fuel cell units is the coolant temperature exiting
the units. The nominal temperature for the fuel cell units is 65 °C. If the coolant exiting the fuel cell
units is higher than 65 °C, then the temperature of the fuel cell units must also be higher than 65 °C
as the fuel cell units can only heat coolant to its temperature. In this scenario, the cooling capacity of
the cooling system needs to be increased; thus, the flow will be increased. If the temperature of the
coolant exiting the fuel cell units is significantly lower than 65 °C, then there is an abundance of cooling
capacity present in the cooling system, and thus, the flow can be lowered.
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For this method to work, the control system has to know the state it is in. In the previous two methods,
there was a clear if condition "x” then system state "y”; this method functions as if condition "x” then
system state "y+1” or "y-1” like operating a gearbox by telling it to go to the next gear. The gearbox
needs to know which gear it is in before it can determine which gear it is supposed to go to. To achieve
this in the control method, the variables k-, k4, and kg are introduced. These variables range from 1
to 4 in increasing flow rate and represent the state of the cooling system for 2, 4, and 6 active fuel cell
units. The value for k that is currently not in use is set to 4 to ensure that there is always enough cooling
when either more fuel cell units are turned on or when they are turned off. k¥ = 1 means that the flow
will be 50% of the nominal flow for that amount of active fuel cell units. This flow is increased by 16.7%

for each 1 increase in k up to 100% of the nominal flow.

The rule set for 2 active fuel cell units:

ky=ks =14

npyo1 =0

npyoz = 1

Tjo > 65°C = ky =4
Tpe >64°C AN kg <4 = ko=ko+1
Tpe <60°C A kg >1 = ko=ko—1

The rule set for 4 active fuel cell units:

ko =ks =4
npyor =1
npyoz =0

Tje > 65°C = ky =4
ch>6400/\/€4<4:>k4:k4+1
ch<6000/\k34>1:>]€4:]€4—1

The rule set for 6 active fuel cell units:

ko =kys =4
npyor = 1
npyoz =1

Tpe > 65°C = k¢ =4
ch>6400/\k‘6<4:>k5:k‘6+1
ch<6000/\k’6>1:>k6:k36—1

4.1.4. Load-based pump

Load-based pump is a combination of load-based flow and temperature difference. Where in temper-
ature difference, the river water pumps were controlled based on the temperature difference of the
coolant over the fuel cell units, in load-based pump, it is done similarly to how load-based flow does it.
The number of active fuel cell units determines whether pumps PUO1 and PUO2 are active. Here, just
like with temperature difference, these pumps are considered variable-speed pumps, and their speed is
controlled. The flow of the coolant is kept nominal, both through the fuel cell units and heat exchangers.
The same variables k-, k4 and kg are introduced, but here they range from 1 - 5 corresponding to 25%,
50%, 67%, 83%, and 100% of the flow of the active river water pumps.
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The rule set for 2 active fuel cell units:

ki=ks=5
npyos =0
npuos = 1
Nyalve = -1

ch>64°C — ]{}2:5
ch>6200/\]€2<5:>k2:]€2+1
ch<5400/\]€2>5:>k‘2:]€2—1

The rule set for 4 active fuel cell units:

ko =ks =5
npyos = 0.938
npyos =0
Nyalve = —1

ch>64°C — kys=5
ch>6200/\/€4<5:>k4:]{?4+1
ch<54OC/\I€4>5:>k4:]€4—].

The rule set for 6 active fuel cell units:

ko =ks=5
npyos = 0.982
npuos = 1
Nyalve = —1

ch>64°C — k6:5
ch>6200/\k6<5:>k6:k6+1
ch<5400/\k‘6>5:>k5:]€6—1

4.1.5. Lookup

Lookup is based on a dataset of 363 different scenarios for which the steady-state solution has been
determined using the steady-state optimiser as explained in section 3.1. These scenarios cover a range
of 11 different river water temperatures starting at 5 °C with steps to 2 °C until 25 °C, 11 different heat
loads starting at 50 kW with steps of 30 kW until 350 kW and the three different active fuel cell unit
configurations. This control method requires a measurement of the river water temperature, a value
for the heat load of the fuel cell units, and the number of active fuel cell units. The values for the river
water temperature and the heat load are rounded up to the closest bracket within the data set to ensure
that the system never inherently has too little cooling.

4.1.6. Steady-state optimised

This method uses the steady-state optimiser as explained in section 3.1 To calculate the optimal cooling
system configuration based on the current heat load of the fuel cell units and the temperature of the
river water. The optimiser runs every 60 seconds; however, when a change in heat load is detected by
way of increasing or decreasing the fuel cell power, the optimiser will activate. The idea behind this is
to differentiate it further from the lookup method.
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4.1.7. Current-state optimised

Current-state optimised uses a combination of the steady-state optimiser from section 3.1 and the
current state optimiser from section 3.2. Like steady-state optimised, this method acts every 60 seconds
or when a change in heat load is detected. First, the steady-state optimiser is run. This is to provide an
initial guess for the heat flow portion of the current state optimiser, which reduces overall computation
time, especially when the system is near the steady state operating condition. With the initial guess,
the heat flow portion of the current state optimiser is run for three times steps of 60 seconds each. The
additional time steps help in reducing temperature overshoots and undershoots. The values for the flow
variables for the first time step are then used in the coolant flow portion of the current state optimiser
to calculate the most efficient configuration of the coolant circulation pumps PUO5 and PUO6 and the
position of the three-way valve.

4.2. Simulations

Simulations with three types of load configurations are run to test the effectiveness of the control meth-
ods. The selection for the river water temperatures is based on the data collected by three measurement
sites along the Dutch part of the river Rhine over two years [35]. The measurements can be seen in
figure 4.1 and primarily range between 5 - 25 °C. For this reason, five different river water temperatures
were simulated, starting at 5 °C with steps of 5 °C until 25 °C. The range of the heat load of the fuel
cell units is determined based on the electrical power provided by Ballard [10]. They provide a power
range of 55 - 200 kW. Because a fuel cell unit achieves an efficiency higher than 50% at low loads,
the minimum heat load is assumed to be 50 kW. The maximum heat load is 350 kW, as this is the
heat load that the cooling system is designed to cope with. The simulations are run with four different
heat loads ranging from 50 kW to 350 kW in 100 kW intervals. The simulations provide insight into
the temperature control performance, the on/off cycles of the pumps, and the cooling system power
consumption of the different control methods. Fuel cell temperature control is essential because both
the fuel cell performance as well as durability are affected by operating temperature. The number of
pump on/off cycles directly affects the wear of the pumps and should, for that reason, be minimised if
possible [27]. Cooling system power consumption affects the operating expense of the system.
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Figure 4.1: Distribution of river water temperature measurements for the river Rhine

4.2.1. Constant load
As the name suggests, the constant load simulations feature a constant heat load provided by the
fuel cell units. This leads to three sets of 20 simulations as the combination of heat load and river
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water temperature are simulated for 2, 4, and 6 active fuel cell units. The main aim of the constant
load simulations is to assess the control methods’ viability and tune them. If managing the fuel cell
temperature under constant loads appears impossible, it will undoubtedly fail under changing loads.

4.2.2. Step load

The step load simulations consist of three sets of 5 simulations. The starting load of these simulations is
100 kW, which then increases to 300 kW 130 seconds into the simulation. After a total of 790 seconds
of simulation time, the heat load is reduced to its original value for the remainder of the simulation. This
is shown in figure 4.2. The times of 130 seconds and 790 seconds were chosen, as with a sample time
of 60 seconds; these are inopportune timings where it takes another 50 seconds before the rule sets of
the methods are used. Methods that perform well with this timing will also perform well with other more
fortunate timings. For these simulations, the methods will be tested for temperature control of the fuel
cell units. Both the maximum temperature overshoot and the time it takes for the temperature to settle
back to 65 °C are important metrics.
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Figure 4.2: Step load from 100 kW to 300 kW

4.2.3. Scenario

The scenario simulations are simulations for each of the five river water temperatures with a duration
of 2500 seconds, during which both the number of active fuel cell units and the heat load change. The
heat load and fuel cell unit allocation can be seen in figure 4.3. The power consumption of the cooling
system is the main focus of these simulations.
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Results

This chapter provides the results of applying the control methods detailed in section 4.1 on the cooling
system from chapter 2. Section 5.1 shows the results for the constant load simulations, where the
temperature management, pump on/off cycles, and the system power consumption of the methods are
compared. This is followed by section 5.2, which compares the temperature management of the meth-
ods when they encounter an increase and a decrease in fuel cell heat load. This chapter closes with
section 5.3, where the heat management and the power consumption are directly compared against
one another during the scenario simulations.

5.1. Constant load

The methods are tested for their ability to keep the fuel cell temperature at 65 °C and ensure that it does
not exceed 68 °C. Furthermore, the amount of on/off cycles of the pumps and the power consumption
of the cooling system are compared. The first 333 seconds of the 1000-second simulations are not
taken into account when assessing the performance of the methods for constant load to ensure that
the data is not affected by start-up conditions.

Current-state optimised did not do the constant load simulations. The main reason is that due to the
method using optimisation software, it had to be simulated on the slower hardware together with steady-
state optimised. These simulations were skipped as they were deemed to be the least important be-
cause, in an ideal situation, the current-state optimiser under constant load would provide the same
inputs to the cooling system as the steady-state optimiser.

5.1.1. Standard rule

Before addressing the overall simulation results of standard rule for constant load, it is essential to
highlight a flaw in the rule set, which directly leads to the creation of the additional rule set for cold
weather. The main problem with this rule set is that it can only look at one temperature measurement
and is further unaware of the state the systemis in. If the heat load of the fuel cell units is 350 kW, then
with a nominal coolant flow through them, the coolant needs to have a temperature of approximately
40 °C or lower for the fuel cell unit to be sufficiently cooled. A scenario where the temperature of the
coolant entering the fuel cell units is 50 °C can mean one of two things. Either the fuel cell unit requires
more cooling, which is why the temperature is high, or the fuel cell unit has a lower heat load, meaning
that a higher inlet temperature can still provide sufficient cooling to the fuel cell unit. Standard rule is
incapable of differentiating between these two scenarios and, for that reason, will always err on the side
of caution and thus increase the cooling capacity of the cooling system by, in this case, turning on both
heat exchangers. This is fine if the fuel cell units had a high heat load and were overheating, but if the
heat load was low this results in the cooling system massively overcooling for the next 60 seconds. The
next time a temperature measurement is taken, the temperature of the coolant will be very low, which
could lead to the rule set changing to a cooling configuration that does not provide enough cooling
capacity for the current heat load, meaning that for the next 60 seconds, the coolant is heating up. This
forms a cycle where the control method keeps switching between too much cooling capacity and too
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little cooling capacity. This effect is amplified when the river water temperature is lower as the inherent
cooling capacity of the system increases. Without reducing the inherent cooling capacity by reducing
the flow through the heat exchangers, there were scenarios where the coolant reached temperatures
under the 15 °C threshold, resulting in no active heat exchangers and the fuel cell unit overheating.

Figure 5.1 shows a constant load simulation for the standard rule set with 4 active fuel cell units, a heat
load of 350 kW, and river water temperature of 5 °C. Here, the cooling capacity is not decreased, and
it can be seen that the coolant inlet temperature called T;,, dips below 15 °C, which results in a spike in
coolant and fuel cell temperature. In comparison, in figure 5.2, there is a reduction in cooling capacity,
and the temperature of the coolant does not go lower than 20 °C. After the initial start-up spike in fuel
cell temperature, this method can keep the fuel cell temperature at a constant 65 °C.
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The standard rule set fails to maintain a fuel cell temperature of 65 °C in 3 out of the 60 simulations. It
experiences a temperature overshoot of less than 1 °C during the 6 active fuel cell units and 350 kW
heat load simulations with a river water temperature of 10 °C and 15 °C. A slightly larger temperature
overshoot of 1.68 °C happens during the simulation with 4 active fuel cell units, 350 kW heat load, and
15 °C river water. The temperature of the fuel cell unit and the coolant entering the fuel cell unit for this
simulation are shown in figure 5.3. This is a case of the system alternating between overcooling and
undercooling.
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In regards to the pumps turning on and off, this method performs poorly. In 39 out of the 60 simulations,
there were pumps consistently turning on and off. In most of these simulations, there were 5 instances
of a pump performing a full on/off cycle, with the second most common being 11 instances of pumps
performing a full on/off cycle. The highest number of on/off cycles is 16.

Table 5.1 shows the total power consumption of the cooling system when the river water temperature
varies between 5 °C and 25 °C. For 4 and 6 active fuel cell units, the majority of the power consumption
comes from the circulation pumps, with their share varying between 65% - 85%. When only 2 fuel cell
units are active, this changes, and the share of power consumption of the circulation pumps varies
between 46% - 75%. This discrepancy is mainly due to the power used by the river water pumps per kW
heat load being higher when only 2 fuel cell units are active, meaning that this method is comparatively
less efficient for 2 fuel cell units.

Table 5.1: Cooling system power consumption depending on river water temperature and heat load for standard rule in kW

Heatload: | 50 kW | 150 kW | 250 kW [ 350 kW
5 degC 40102 5.3010 5.0020 5.7637
10 degC 43181 49783 55894  5.8939
2 fuel cell units | 15 degC 49167 49485 49718 5.9025
20 degC 49258 55100 5.8833  5.9002
25 degC 6.7229 6.7480 6.7680 6.7835
5 degC 9.5555  9.6547 13.0302 13.4282
10 degC 11.3570 12.3161 13.3961 13.2477
4 fuel cell units | 15 degC 11.3145 12.2799 13.3413 13.3646
20 degC 12.2055 13.2964 13.1846 14.2013
25 degC 13.0801 13.1476 14.2009 14.2270
5 degC 12.4468 13.9786 14.5782 15.4936
10 degC 12.7439 14.4799 15.4265 15.4618
6 fuel cell units | 15 degC 13.0016 14.3825 15.2952 15.3566
20 degC 13.6324 14.9352 15.3088 16.3199
25 degC 14.1390 15.2426 16.2705 16.3216
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5.1.2. Temperature difference

The temperature difference rule set maintains a fuel cell temperature of 65 °C for all 60 simulations. This
was to be expected as the temperature brackets were rounded down to ensure that enough cooling was
available at all times. Interestingly enough, there are 4 simulations where pumps turn on or off. This is
paired with a higher cooling system power consumption at lower river water temperatures because the
specific heat capacity of 50% ethylene glycol is temperature dependent in the Simscape model as is
plotted as discussed in section 2.1.5. At lower river water temperatures, the cooling system achieves
a lower coolant temperature, which decreases the specific heat capacity of the 50% ethylene glycol,
resulting in a higher temperature change over the fuel cell units. This is mainly noticed at lower river
water temperatures and 350 kW heat load with 2 active fuel cell units as the difference between PU02
being active and PUO1 being active is substantial with the low power consumption that 2 active fuel cell
units require for coolant circulation.

The power consumption share of the circulation pumps is between 45.8% - 92.7% for 2 active fuel cell
units, between 72.4% - 97.5% for 4 active fuel cell units, and between 65.7% - 97.8% for 6 active fuel
cell units. The total power consumption of the cooling system when the river water temperature varies
between 5 °C and 25 °C can be seen in table 5.2.

Table 5.2: Cooling system power consumption depending on river water temperature and heat load for temperature difference
rule in kW

Heatload: | 50 kW | 150 kW | 250 kW | 350 kW
5degC 3.3154 49650 4.9959 6.8050
10 degC 3.2630 3.2862 5.0015 6.8127
2 fuel cell units | 15 degC 3.2594  3.2937 5.0054 5.8464
20 degC 3.2697  3.2977 5.0062  5.0185
25 degC 3.2762 3.3008 5.0067 5.0154
5 degC 9.7677 11.5490 11.2772 13.3726
10 degC 9.7896  11.5531 11.1931 13.3715
4 fuel cell units | 15 degC 9.8036 11.5515 11.1966 13.3679
20 degC 9.8145 11.5482 11.1924 13.3569
25 degC 9.8192 11.5380 11.1864 13.3438
5 degC 11.1188 12.1023 16.2567 16.3766
10 degC 10.8677 12.1423 16.2967 16.4017
6 fuel cell units | 15 degC 10.8545 12.1721 16.3332 16.4238
20 degC 10.8900 12.2008 16.3573 16.4325
25 degC 10.9213 12.2237 16.3797 16.4346

5.1.3. Load-based flow

Load-based flow fails to keep the temperature of the fuel cell unit at a constant 65 °C in 7 out of 60
simulations. In 4 simulations, it keeps the overshoot below 1 °C. For 2 fuel cell units with 250 kW heat
load and a river temperature of 25 °C, there is a recurring overshoot of 1.49 °C. For 4 fuel cell units
with 350 kW heat load and a river temperature of 10 °C, there is a recurring overshoot of 1.56 °C. The
most extreme recurring overshoot is for 2 active fuel cell units with a heat load of 350 kW and a river
water temperature of 10 °C, where the overshoot is 2.38 °C. The temperature of the fuel cell units, the
temperature of the coolant exiting the fuel cell units, and the mass flow through the fuel cell units can be
seen in figure 5.4. This overshoot is a result of not tuning the rule set strictly enough. While it does keep
the fuel cell temperature below 68 °C, the combination of overheating and constant changes in pump
speed are not desired. For instance, a more strictly tuned rule set would lower the temperature at which
the flow is reduced. From the figure, it can be seen that the temperature goes towards an equilibrium
first at approximately 53 °C and then the time step afterwards at approximately 58 °C. Thus, a rule set
with a lower bound of 57 °C would have resulted in a fuel cell unit with a constant temperature and no
pump changing speed.
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Load based flow - 2 fuel cell, 350 kW, 10 degC
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Figure 5.4: Load-based flow constant load for 2 fuel cell units with a heat load of 350 kW and river water temperature of 10 °C.
The top figure shows the fuel cell and coolant temperature. The bottom figure shows the coolant mass flow through the fuel cell
unit

The 7 instances where there is a temperature overshoot are also the only 7 instances with a change in
pump speed. That means that all other 53 simulations found an equilibrium with a certain flow speed
and outlet temperature between 60 °C and 64 °C. When there is frequent change in pump speed, this
is paired with a comparatively higher cooling system power consumption. Taking the simulation from
figure 5.4, it was determined that with the second lowest mass flow, an equilibrium could have been
reached were the rule set less strict. This means that the system was generating unnecessarily high
flows for half the time. From equation 2.14, it can be seen how pump power scales to the third power
when compared with flow. This means that half the time, the system is consuming a lot more power,
and the power saved by generating too little flow for a quarter of the time is not nearly enough to make
up for this. So, while a less strict rule set has the downside that it may find the suboptimal equilibrium,
it does prevent cases like this, which are more wasteful when it comes to energy consumption. To put
this into numbers, the power consumed with 2 active fuel cell units with a 350 kW heat load and 10 °C
river water temperature is 2.59 kW. The same simulation except for a river water temperature of 15 °C
consumes 2.20 kW.

The power consumption share of the circulation pumps is between 23.16% - 61.63% for 2 active fuel cell
units, between 17.24% - 63.23% for 4 active fuel cell units, and between 16.13% - 64.88% for 6 active
fuel cell units. The total power consumption of the cooling system when the river water temperature
varies between 5 °C and 25 °C can be seenin table 5.3. The simulations where there was a temperature
overshoot can be seen from the data showing a spike in power consumption when the river temperature
rises.
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Table 5.3: Cooling system power consumption depending on river water temperature and heat load for load-based flow in kW

Heat load: | 50 kW | 150 kW | 250 kW | 350 kW
5 degC 25110 2.5213 2.5126  2.8983
10 degC 25248 25116 25126  3.8835
2 fuel cell units | 15 degC 2.5266 2.5063 2.5114  3.2951
20 degC 25170 25051 2.5097 4.6987
25 degC 2.5068 2.5037 3.8698 5.0154
5 degC 4.4566 4.4792 44608 4.4702
10 degC 4.4842 44600 4.4621 6.8740
4 fuel cell units | 15 degC 44877 44498 44612 5.5189
20 degC 44718 44488 44589 7.3103
25 degC 44526 4.4472 6.8548 10.0051
5 degC 6.6981 6.7364 6.7030 6.7217
10 degC 6.7468 6.7021 6.7070 10.5248
6 fuel cell units | 15 degC 6.7541 6.6854 6.7078  8.2500
20 degC 6.7263 6.6866 6.7061 10.7831
25degC 6.6926 6.6862 7.4485 15.9523

5.1.4. Load-based pump

Of the 60 simulations, only 5 fail to maintain a fuel cell temperature of 65 °C. Of these, 2 simulations
have an overshoot of 0.21 °C or lower, which is negligible. Of the remaining three simulations, there is
only one with an overshoot over 1 °C. In this simulation, shown in figure 5.5, the maximum overshoot
is 1.32 °C. The conditions in this simulation are 6 active fuel cell units, a heat load of 350 kW, and a
river temperature of 5 °C. What happens is that when the coolant exiting the fuel cell units reaches a
temperature of 64 °C or higher, the cooling system cools the coolant to such a degree that the time it
takes for the coolant to reach the temperature bracket where k does not change is long enough for k to
be lowered to the point where the cooling system does not provide enough cooling, starting the cycle
again. This is why it happens at 5 °C but doesn’t happen at higher river water temperatures, as the
cooling capacity of the cooling system is lower at those higher temperatures.

Load based pump - 2 fuel cell, 350 kW, 10 degC
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Figure 5.5: Load-based pump constant load for 6 fuel cell units with a heat load of 350 kW and river water temperature of 5 °C.
The top figure shows the fuel cell and coolant temperature. The bottom figure shows the river water pump rpm

10 simulations involve a regular change in pump speed. Other than the 5 simulations with a temperature
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overshoot, these simulations feature a situation in which the pump speed keeps alternating between
two values. In these simulations, the pumps change their pump speed between 5 - 8 times over the
course of 667 seconds.

The power consumption share of the circulation pumps is between 61.63% - 99.03% for 2 active fuel
cell units, between 63.23% - 99.09% for 4 active fuel cell units, and between 64.88% - 99.16% for 6
active fuel cell units. Table 5.4 shows the power consumption of the cooling system in the 60 constant
load simulations. The same phenomena as witnessed with load-based flow can be seen here, where
there is a power consumption spike for simulations with a temperature overshoot.

Table 5.4: Cooling system power consumption depending on river water temperature and heat load for load-based pump in kW

Heatload: | 50 kW | 150 kW | 250 kW [ 350 kW
5 degC 3.0678 3.0920 3.1110  3.4923
10 degC 3.0543  3.0967 3.1620 3.3334
2 fuel cell units | 15 degC 3.0652 3.0988 3.2257 3.6720
20 degC 3.0719  3.1005 4.0242  4.1937
25 degC 3.0790 3.1001 3.3220 5.0154
5 degC 6.2430 6.3045 6.3629  7.8056
10 degC 6.2008 6.3205 6.4714 6.7878
4 fuel cell units | 15 degC 6.2322 6.3295 7.1126 7.4348
20 degC 6.2537 6.3375 6.7638  8.4332
25 degC 6.2758 6.3396  7.4099 10.0051
5 degC 10.2074 10.3227 10.4038 12.5338
10 degC 10.1668 10.3455 10.6243 11.0524
6 fuel cell units | 15 degC 10.2138 10.3568 12.0269 11.7541
20 degC 10.2462 10.3663 11.0155 13.5580
25 degC 10.2784 10.3680 11.7157 15.9523

5.1.5. Lookup

There are only 2 simulations with a temperature overshoot. While the overshoots are relatively low at
0.12 °C and 1.16 °C, this is only because the simulation ended. During these simulations, there is a
slow rise in coolant temperature throughout the simulation, which results in it reaching a break point
where there is not enough cooling capacity, and the fuel cell temperature increases above 65 °C along
with the coolant. The simulations with a temperature overshoot were for 2 fuel cell units with a heat
load of 350 kW and 5 °C and 10 °C river water. The reason for this overshoot is the inaccuracy of the
optimisation model at low flow rates and temperatures as described in section 3.3. Figure 5.6 shows
the temperatures of the fuel cell units, coolant entering the fuel cell units and coolant exiting the fuel
cell, and the mass flow through the fuel cell units and heat exchanger. The steady rise in temperature
of the coolant over time can be seen. The coolant flow through the heat exchanger is equal to 0.35
kg/s. The steady-state optimiser calculates a mass flow through the heat exchanger of 0.50 kg/s. The
flow resistance increases as a result of the higher kinematic viscosity, and the lower flow rate results
in a 30% reduction in flow rate through the heat exchanger, but this also results in a 30% reduction
in cooling capacity as for both these flow rates, the effectiveness of the heat exchanger is equal to 1,
meaning that the flow would have cooled down to the temperature of the river water.
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Lookup - 2 fuel cell, 50 kW, 5 degC
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Figure 5.6: Lookup constant load for 2 fuel cell units with a heat load of 50 kW and river water temperature of 5 °C. The top
figure shows the fuel cell temperature and coolant temperatures. The bottom figure shows the coolant mass flow through the
fuel cell unit and heat exchanger

As lookup is a method that relies on external factors to determine the cooling system’s configuration,
there are no simulations that feature a change in pump speed. The power consumption share of the
circulation pumps is between 19.46% - 40.40% for 2 active fuel cell units, between 16.30% - 41.12% for
4 active fuel cell units, and between 16.17% - 65.91% for 6 active fuel cell units. The power consumption
for each of the 60 simulations can be seen in table 5.5.

Table 5.5: Cooling system power consumption depending on river water temperature and heat load for lookup in kW

Heat load: | 50 kW | 150 kW | 250 kW | 350 kW
5 degC 2.3954 24174 24505 2.5091
10 degC 2.3954 24221 24650 2.8003
2 fuel cell units | 15 degC 2.3948 24258 24784 3.2348
20 degC 2.3939 24339 25343 4.6892
25 degC 2.3929 24427 2.8952 5.1051
5 degC 25614 26726 3.1960 4.4639
10 degC 25630 2.7164 44054 4.8768
4 fuel cell units | 15 degC 2.5639 2.7654 4.4222 54787
20 degC 25659 29156 4.5085 7.2287
25 degC 25679 3.2681 5.0049 8.0663
5 degC 2.8765 3.3447 48141 6.6592
10 degC 2.8801 4.7028 4.8941 7.0639
6 fuel cell units | 15 degC 2.8835 4.7171 5.0422 7.7215
20 degC 2.8901 4.7517 6.6900 10.1064
25 degC 2.8969 4.7924 71215 16.4337

5.1.6. Steady-state optimised

Steady-state optimised suffers from the same problems lookup had, but more severe. There are 7
simulations with a temperature overshoot, with the highest being 2.03 °C. This simulation is shown in
figure 5.7 and just as with lookup, this is a case of too little flow through the heat exchanger as a result
of low flow rate and high kinematic viscosity, which results in too little cooling.
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Steady state optimised - 2 fuel cell, 150 kW, 5 degC
T T T T T T T

70

65

30 -

25
0

100 200

300 400

500

600

Time (s)

700 800 900

1000

Figure 5.7: Steady-state optimised constant load for 2 fuel cell units with a heat load of 150 kW and river water temperature of

5°C

As steady-state optimised is a method that relies on external factors to determine the configuration
of the cooling system, there were no simulations that feature a change in pump speed. The power
consumption share of the circulation pumps is between 19.46% - 56.78% for 2 active fuel cell units,
between 16.11% - 49.27% for 4 active fuel cell units, and between 18.52% - 65.92% for 6 active fuel
cell units. The power consumption for each of the 60 simulations can be seen in table 5.6. This method,
as well as lookup, has a significant increase in power consumption when the river water temperature
increases from 20 °C to 25 °C with 6 active fuel cell units and a heat load of 350 kW. The reason for
this is that in the other simulations, the fuel cell units do not require near-maximum coolant flow, but
this simulation does. Compared to the simulation with 20 °C, the power consumption of PUO5 doubles,
and PUOQG is turned on.

Table 5.6: Cooling system power consumption depending on river water temperature and heat load for steady-state optimised

in kW
Heat load: | 50 kW | 150 kW | 250 kW | 350 kW
5 degC 2.3946 24123 2.4455 2.5084
10 degC 23947 24152 24558  2.7245
2 fuel cell units | 15 degC 23941 24185 24701 3.2341
20 degC 2.3931 24228 24923 4.4550
25degC 23923 24300 2.7292 5.1045
5 degC 25607 2.6406 3.0331 4.4618
10 degC 25620 2.6626 4.3937 4.7743
4 fuel cell units | 15 degC 25632 2.6959 44113 5.4819
20 degC 2.5646 2.7547 4.4401 7.2548
25 degC 25673 28791 47801 8.0685
5 degC 2.8758 3.1387 4.7934 6.6670
10 degC 2.8789 3.2667 4.8445 6.9405
6 fuel cell units | 15 degC 2.8829 3.5523 4.9370 7.7244
20 degC 2.8882 4.7114 58534 9.4961
25 degC 2.8964 4.7406 6.8742 16.4316
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5.2. Step load

The step load simulations, as described in 4.2.2, aim to see how the control methods cope with a
change in heat load. To achieve this, 130 seconds into the simulation, the heat load of the fuel cell
units increased from 100 kW to 300 kW. 790 seconds into the simulation, the heat load decreased
back to 100 kW. These simulations were run for river water temperatures ranging between 5 - 25 °C
and 2, 4 and 6 active fuel cell units.

5.2.1. Standard rule

The fuel cell temperature for all 15 simulations with standard rule is displayed in figure 5.8. For some
simulations, there is a fuel cell temperature spike around 60 seconds into the simulation. This coin-
cides with a sudden spike in the temperature of the internal fuel cell coolant, yet the reason for this
spike is not known as, at the time, ample cooling capacity was available from the main cooling system.
The temperature spike is minor enough that it can be assumed that it had minimal influence on the
overall simulation. Standard rule handles changes in heat load well. There is a small spike in fuel cell
temperature at the time of the heat load increase, but this is due to the delay in coolant transport within
the internal fuel cell cooling system. It takes a while for the new colder coolant to arrive within the fuel
cell unit. A recurring temperature overshoot can be seen with 6 active fuel cell units and a river water
temperature of 5 °C.
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Figure 5.8: Fuel cell temperature for the step load simulations controlled with standard rule

5.2.2. Temperature difference

There is a significant variance in the response to an increase in heat load for temperature difference.
The temperature brackets result in situations where the cooling system has a large amount of spare
cooling capacity at the time of the heat load increase and other situations where there is barely any
spare cooling capacity. This can be seen in figure 5.9, where there are simulations with basically no
temperature spike and others with a temperature spike reaching a temperature above 72 °C. These
simulations have exposed a weakness in how this method is set up. The method requires constant
mass flow through the cooling system. The way this method was set up did not properly take into
account the effect of changing the cooling system configuration on the system flow. This resulted in a
variance in flow depending on which heat exchangers were active. Furthermore, this method is also
affected by the change in kinematic viscosity with a change in temperature, contributing to a change in
coolant flow rate. During the simulation with 6 fuel cell units and a river water temperature of 25 °C, a dip
in temperature can be seen during the spike. This is where the cooling system changes configuration.
Still, as the flow is higher than nominal due to the reason just discussed, the temperature difference
over the fuel cell units is lower than it would be with a nominal flow. The cooling system is changed to a
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configuration that does not provide enough cooling. There are two options to solve this problem. Either
the temperature brackets are made more strict to account for possible higher flow, or the circulation
pumps are separately controlled to ensure nominal flow at all times.
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Figure 5.9: Fuel cell temperature for the step load simulations controlled with temperature difference

5.2.3. Load-based flow

Load-based flow and load-based pump suffer from the effects of startup because they start at high
cooling while the start requires low cooling, meaning that at the time of the step in heat load, the
coolant temperature is low. Figure 5.10 shows the fuel cell temperatures for load-based flow. Three
different scenarios happen when the heat load increases. The first scenario is that a significant spike in
fuel cell temperature occurs, which is then dealt with by increasing the coolant flow in the subsequent
time step. An example of this is 2 active fuel cell units with 25 °C river water. The second scenario is
a smaller increase in temperature where, at 180 seconds into the simulation, when the system checks
the outlet temperature, the coolant is still below 64 °C due to the coolant having a low temperature due
to the start-up. This results in prolonged heating, as seen with 4 active fuel cell units and river water
temperature of 20 °C. The final scenario is when the system has enough cooling capacity, resulting in
a minor temperature spike. A simulation worth highlighting is the simulation with 2 active fuel cell units
and 20 °C river water. This simulation has a second temperature spike after the initial temperature spike.
Once again, due to the low coolant temperature as a result of the start-up, the initial spike is relatively
low. After this initial spike, the system is on its way to settling into equilibrium, but the temperature
measurement at 240 seconds is slightly below 60 °C, resulting in the second larger temperature spike
as there is no spare cooling capacity this time. After the second spike, the system finds an equilibrium
with no subsequent temperature spikes.
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Figure 5.10: Fuel cell temperature for the step load simulations controlled with load-based flow

5.2.4. Load-based pump

The effects of start-up are even more clearly seen with load-based pump in figure 5.11. All the tem-
perature spikes are delayed due to the additional cooling capacity due to the start-up. When the spike
happens depends on the heat exchanged by the heat exchangers and the heat load of the fuel cell
units. The largest initial spikes are for 20 °C river water. This is due to timing, as one would reasonably
expect 25 °C river water to experience a higher temperature spike. However, for 25 °C river water, the
outlet temperature reaches a temperature higher than 62 °C before 240 seconds into the simulations,
resulting in an increase in cooling capacity from that point onwards, negating the temperature spike.
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Figure 5.11: Fuel cell temperature for the step load simulations controlled with load-based pump
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5.2.5. Lookup

Lookup experiences the largest temperature overshoot, as seen in figure 5.12. However, this is ex-
pected as this method has little spare cooling capacity, meaning that for 50 seconds, the fuel cell units
are generating 200 kW more heat than the cooling system can cope with. Furthermore, the spikes
are as wide as they are because even when the cooling capacity is increased, it is only increased to
cope with the heat load generated by the fuel cell units and not to transfer the additional heat energy
stored as fuel cell temperature. Because there is some spare cooling capacity, the fuel cell temperature
reaches 65 °C after a while.
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Figure 5.12: Fuel cell temperature for the step load simulations controlled with lookup

5.2.6. Steady-state optimised

The main difference between steady-state optimised and lookup is that lookup has slightly more spare
cooling capacity, while steady-state optimised can react to a change in heatload. Both these differences
can be seen when comparing figure 5.12 with figure 5.13. Due to being able to react, steady-state
optimised has significantly lower maximum fuel cell temperatures and manages, in most cases, to
bring the fuel cell temperature back to 65 °C faster than lookup. In the cases where it takes longer
to reach 65 °C, like with active 2 fuel cell units and 5 °C river water, the reason is the general lack of
cooling capacity discussed in section 5.1.6.
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Figure 5.13: Fuel cell temperature for the step load simulations controlled with steady-state optimised

5.2.7. Current-state optimised

Figure 5.14 shows the fuel cell temperature for step load controlled by the current-state optimiser. The
steady-state error seen with current-state optimised is the result of two factors. Constraints 3.90 and
3.91 ensure that there is enough cooling capacity in the coolant flow through the heat exchanger. How-
ever, there is no additional temperature margin here compared to steady-state optimised. This means
that if the actual flow is less than the flow determined by the optimiser due to the reason discussed
in section 3.3, the fuel cell units will have a constant temperature overshoot. Here, the temperature
overshoot is not constant and slowly rises over time. This is due to how the coolant flow inside the fuel
cell units is modelled. A Simscape constant mass flow block is used to provide the coolant flow, but this
generates 332 W of additional heat load, which slowly raises the internal fuel cell coolant temperature
and, consequently, the fuel cell temperature. Adding a temperature margin to the coolant exiting the
fuel cell units would remove the steady-state error at the cost of a slight power consumption increase.
Comparing the temperature control performance of current-state optimised versus steady-state opti-
mised, it can be seen that current-state optimised has lower peak temperatures and reaches 65 °C
significantly faster than steady-state optimised.
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Figure 5.14: Fuel cell temperature for the step load simulations controlled with current-state optimised

5.3. Scenario

The scenario simulations are intended as shortened real-life scenarios as discussed in section 4.2.3.
With the constant load and step load simulations, the general performance of the control methods has
been documented, while for the scenario simulations, the performance of the methods is directly com-
pared to one another. The two performance categories being examined are the fuel cell temperature
control ability and the power consumption of the cooling system.

Figure 5.15 shows the fuel cell temperature for all 7 control methods with a river water temperature of
5 °C. The underperformance of steady-state optimised and especially lookup is evident compared to
the other methods. Both standard rule and load-based pump experience recurring temperature spikes
at the highest load. Temperature difference has a good performance, which is to be expected as the
method does not take river water temperature into account and, therefore, has a lot of spare cooling
capacity at low river water temperatures. The minimum flow rate for load-based flow is capped at half
the nominal flow rate. With a river water temperature this low, it provides substantial spare cooling
capacity, so there are no temperature spikes. Current-state optimised also performs well.
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Figure 5.15: Fuel cell temperatures with different control methods for scenario with 5 °C river water

The fuel cell temperature for river water of 10 °C can be seen in figure 5.16. Most notable here is
that with the step in load 1000 seconds into the simulation, steady-state optimised performs better
than current-state optimised. In this instance steady-state optimised already has relatively cool coolant
entering the fuel cell units and decides to increase the coolant flow, which happens fast throughout
the system, minimising the temperature spike. Current-state optimised ops for increasing the cooling
capacity by turning on an additional heat exchanger. This is the less optimal solution and stems from
current-state optimised having separated the coolant flow calculations from the heat flow calculations.
While steady-state optimised being the better option during a change in heat load seems to be the
exception, this further supports the notice that the way current-state optimised is currently programmed
is flawed. This is furthered supported by the current-state optimised being unable to maintain a fuel
cell temperature of 65 °C at the highest load.
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Figure 5.16: Fuel cell temperatures with different control methods for scenario with 10 °C river water

The fuel cell temperatures for 15 °C river water are entirely as one would expect them to be. Current-
state optimised performs better than steady-state optimised, lookup being the worst performer regard-
ing heat load increases and standard rule, temperature difference, load-based flow, and load-based

pump showing minimal temperature spikes.
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Figure 5.17: Fuel cell temperatures with different control methods for scenario with 15 °C river water

When the river water temperature reaches 20 °C, temperature overshoots for temperature difference
can be seen in figure 5.18. Furthermore, load-based flow experiences significant recurring temperature

spikes during the highest load. Current-state optimised also fails to maintain fuel cell temperature
between 1500 and 2000 seconds.
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Figure 5.18: Fuel cell temperatures with different control methods for scenario with 20 °C river water

Figure 5.19, showing the temperature of the fuel cell units for 25 °C river water, shows the effect
of temperature difference not having the spare cooling capacity due to cold river water. It incurs a
significant temperature overshoot 500 seconds into the simulation, where it was minimal for 20 °C
river water and non-existent for colder river water. Load-based pump also experiences a significant
temperature overshoot at this time, although the duration is shorter. Load-based flow has recurring
temperature overshoots between 500 - 1000 seconds resulting in a large overshoot at 1000 seconds.
Current-state optimised once again fails to maintain fuel cell temperature between 1500 - 2000 seconds,

and the start of a steady state error can be seen at the end of the simulation.
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Figure 5.19: Fuel cell temperatures with different control methods for scenario with 25 °C river water

Regarding cooling system power consumption, there are 3 distinct levels of performance, which can

2500
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be seen in figure 5.20 that shows the total energy used by the cooling system during the scenario sim-
ulations for each control method. The first bracket of performance is standard rule and temperature
difference. Both these methods are massively held back by maintaining a nominal coolant flow at all
times. Temperature difference has a constant energy consumption across the range of different river
water temperatures as it does not take the impact of river water temperature on the cooling system
into account. This means that the method is especially wasteful at lower river temperatures. A more
advanced version of the method where the temperature brackets depend on river water temperature
would see improvements in power consumption. It would be reasonable to assume that the method
would then sit comfortably between the performance of standard rule and load-based pump. The sec-
ond bracket is load-based pump. Like standard rule and temperature difference, load-based pump
maintains nominal coolant flow. However, by being able to reduce the river water pump speed, it can
save a significant amount of energy. The final bracket contains load-based flow, lookup, steady-state
optimised, and current-state optimised. All four of these methods can reduce the coolant flow, and this
clearly shows in the power consumption. Load-based flow has the highest power consumption out of
these four methods, which is expected as it is the only method not based on an optimiser. During low
heat load, load-based flow will have the same river water pump allocation as during higher heat flow if
the same amount of fuel cell units are active, which is inefficient. This, combined with the coolant flow
almost always being more than optimal due to how the method works, results in higher energy consump-
tion. Out of the three optimiser methods, lookup performs the worst as expected. Since the method has
the inherent tendency to overcool slightly, it inherently consumes more energy. Interestingly, steady-
state optimised is more energy efficient than current-state optimised for 10 °C and 20 °C river water.
The scenario with 10 °C river water was where it was deemed possible that the current-state optimiser
was less optimal than the steady-state optimiser, which may have contributed to steady-state optimiser
being more energy efficient. What should also be considered is that steady-state optimised optimises
just for the power consumption of the cooling system, while current-state optimised also takes the fuel
cell temperature into account when solving the optimisation problem. This means that it will sacrifice
energy efficiency for better control of fuel cell temperature.
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Figure 5.20: Total cooling system energy used during the scenario simulation per control method and river water temperature



Discussion and recommendations

In this chapter, the results are summarised and discussed in section 6.1. Following this, in section 6.2,
recommendations are made for possible follow-up research.

6.1. Discussion

This section provides a discussion of the results from chapter 5. It starts with a summarisation of
the research performed. Following this, in subsections 6.1.1, 6.1.2, and 6.1.3 the results for constant
load simulations, step load simulations, and the scenario simulations are discussed. Afterwards, in
subsection 6.1.4, the different control methods are discussed, and in subsection 6.1.5 limitations of
this research are discussed.

The goal of this research was to test and compare the performance of different rule-based and optimisation-
based control methods for controlling a cooling system consisting of multiple pumps, heat exchangers,
and heat sources. To achieve this, a Simulink model was made to test these methods using three
different simulation types. The constant load simulation aimed to figure out the constant performance

of the control method as a ship tends to spend a long time at a specific power output. A second type

of simulation, step load, was performed to see how the control methods were able to cope with an
increase and a decrease in heat load. Finally, the third simulation type was a longer simulation, which
aimed to be a condensed real-life power cycle, where in steps, the total power generation first increases
and later decreases. What set this apart from step load was that here the number of active fuel cells
changed over time.

6.1.1. Constant load discussion

The control methods can be categorised into two different groups. The first group consists of standard
rule, load-based flow, and load-based pump, and these rule sets all rely on a single temperature mea-
surement to control the cooling system. The second group consists of temperature difference, lookup,
and steady-state optimised, which all rely on outside conditions to control the cooling system. Tech-
nically temperature difference does not, as it relies on two temperature measurements, but this is a
worse substitute for having an accurate heat load measurement.

Standard rule is the worst control method. While it is capable of decent temperature management,
the power consumption is a lot higher. The maximum power consumption of the circulation pumps is
significantly higher than that of the river water pumps, and standard rule has a nominal coolant flow rate
at all times, meaning high circulation pump power consumption at all times. Load-based pump also
has nominal coolant flow rate, but it can more efficiently use the river water pumps. Another aspect
that makes standard rule bad compared to other methods is the amount of on/off cycles. Not only does
standard rule experience on/off cycles in significantly more simulations than the other methods, but the
average number of on/off cycles is also high.

From a temperature control perspective, load-based flow and load-based pump had comparable per-
formance. Load load-based pump was more strictly tuned compared to load-based flow which helped
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with temperature control. Neither method experienced on/off cycles as, at all times, a level of flow was
maintained. Load-based pump did experience more changes in pump speed as more simulations had
changes in pump speed, and with 6 active fuel cell units, there are 2 pumps that change the speed at
the same time. With regards to power consumption, load-based flow is the clear better option. Being
able to reduce the more power-consuming part of the cooling system is the obvious better choice for
reducing power consumption. Another upside of reducing coolant flow rather than river water flow is
that with a reduction in coolant flow, the heat exchanger effectiveness increases. So while cooling ef-
fectiveness over the fuel cell units is lost due to a loss of flow, part of that loss is reclaimed by the heat
exchanger as the temperature of the coolant entering the fuel cell units is lower than with the higher
flow. This all combines to make load-based flow the best option out of the first group for constant load.

The second group consists of three methods that are different variations of the same principle. Of
these, temperature difference is the clear worst option for constant load. While the method has no
temperature overshoots nor pump on/off cycles, the power consumption is too high compared to other
methods. The requirement of maintaining nominal flow for the heat load calculation results in a high
cooling system power consumption. Lookup and steady-state optimised do experience temperature
overshoots, but this is due to nonlinearities that are unaccounted for in the optimisation model, and
thus, these methods can be further refined to mitigate this issue. For this reason, these temperature
overshoots are not inherently due to the control method, but more due to lacking execution of these
methods. Neither method experiences pump on/off cycles and steady-state optimised has a slight
advantage with regards to power consumption.

The best-performing control method for constant load is steady-state optimised. The temperature reg-
ulation is good except for a few exceptions where the method suffers from nonlinearities. The method
has no pump on/off cycles resulting in less wear on the pumps compared to other methods. Steady-
state optimised also has the lowest power consumption out of all the methods, especially at low river
water temperatures combined with low loads. In these circumstances, methods like load-based flow
and load-based pump have higher power consumption due to them being unable to reduce the number
of active heat exchangers and reduce the coolant flow respectively.

6.1.2. Step load discussion

From the results of the step load simulations in section 5.2 what became clear is that methods that
consumed more power were able to better cope with an increase in heat load. This is due to these
methods keeping the coolant at lower temperatures as they provide additional cooling which can deal
with the increase in heat load. The better the constant load energy consumption, the worse the step
load temperature management. Standard rule performs well in nearly every simulation and tempera-
ture difference performs poorly, unless there was already spare cooling capacity. Both load-based flow
and load-based pump require the temperature measurement of the cooling exiting the fuel cell, and
whether this coolant reaches the threshold just before the measurement or just after has big implica-
tions for the temperature overshoot. An unfortunate measurement can lead to 60 seconds of further
fuel cell heating up. Lookup performs the worst in these simulations as was expected. Steady-state
optimised has the added benefit that when the heat load increases, it recalculates the new cooling sys-
tem configuration, but lookup is stuck in the old configuration for 50 seconds before it can change the
cooling system configuration. This leads to significantly higher peak temperatures. When the cooling
configuration did change, the spare cooling capacity was limited leading to a relatively slow descent in
fuel cell temperature. Current-state optimised does provide more cooling to get the fuel cell tempera-
ture under control faster. However, due to the choice of not building in inherent spare cooling, there are
multiple simulations where current-state optimised experiences a steady-state error, a deviation from
the desired temperature that persists over time.

6.1.3. Scenario discussion

The final simulations were the scenario simulations from section 5.3. These simulations showed similar
temperature performance as the constant load and step load simulations. The finding of the power
consumption from constant load was also echoed in these simulations, meaning that relatively frequent
changes in heat load had minimal effect on the relative performance of the control methods regarding
the cooling system power consumption.
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The worst performing control methods were standard rule and temperature difference. While stan-
dard rule had good temperature management in all simulations, the power consumption is too high
compared to other methods. Temperature difference had good temperature management at low river
water temperatures, but this came at the cost of cooling system power consumption, which at those
low temperatures was the highest out of any method tested. At high river water temperatures, tempera-
ture difference lower power consumption than standard rule, but it experiences significant temperature
overshoots.

Load-based pump and load-based flow had similar temperature management performance. With load-
based flow being less strictly tuned compared to load-based pump it was expected that it would have
more recurring temperature overshoots, which can be seen. What is worth noting is the benefit that
load-based flow has compared to load-based pump when it comes to the maximum temperature over-
shoot during the first heat load increase of the 25 °C simulation. Here, the spike of load-based flow
is significantly lower than load-based pump. This can be explained by load-based flow having a lower
coolant temperature entering the fuel cell units. When the cooling needs to be increased, this increase
in cooling capacity is felt pretty much instantly by the fuel cell unit. Compare this with load-based flow
where it takes a bit of time before the new colder coolant arrives at the fuel cell units, leading to a
higher spike in temperature. This, combined with the superior performance in cooling system power
consumption, makes load-based flow the better control method of these two.

Even better still are the optimisation-based control methods. While lookup suffers from being unable to
react to a change in heat load, steady-state optimised and especially current-state optimised perform
well at higher river water temperatures. While these methods have a temperature overshoot at all river
water temperatures, this is due to them being able to take the river water temperature into account,
lowering the power consumption of the cooling system. It can be seen in figure 5.20 that the difference
in energy used between load-based flow and the optimisation-based methods is larger at lower tem-
peratures. Lookup has the highest energy consumption out of the three optimisation-based methods,
which is expected as it is designed to offer more cooling than theoretically required. Steady-state opti-
mised, on average, slightly outperformed current-state optimised when it came to power consumption;
the trade-off is that current-state optimised has, in most cases, better temperature performance.

6.1.4. Discussion of different control methods

When comparing the performance of the control methods, optimisation-based control has significantly
lower power consumption than the other methods, with load-based flow coming the closest in power
consumption. Lookup and, to a lesser extent, steady-state optimised have bad temperature manage-
ment when an increase in heat load occurs. Current-based optimised also performs worse than the
rule-based control methods, with the exception being certain simulations of temperature difference.
When it comes to pump on/off cycles, the optimised based methods outperform the rule-based meth-
ods as in steady state, the optimised-based methods do not require constant cooling system configu-
ration changes. At the same time, there are multiple simulations in constant load where standard rule,
load-based flow, and load-based pump experience these recurring changes.

Standard rule is the baseline rule-based control. One temperature measurement dictates the configu-
ration. It is no surprise that this is the worst-performing control method. It is also no surprise that none
of the other rule-based methods outperformed the optimisation-based methods as, theoretically, the
optimisation-based methods can not be outperformed as it would require significant mistakes within the
optimiser. The question is, how much does one want to add rules to the rule set or add an algorithm
until the method becomes good enough or too complex where having an optimiser may be worth the ef-
fort? The optimiser has a significant drawback, being the need for a mathematical model of the system
and the fuel cell heat load as input data. If these are available, an optimisation-based control method
would seem like the obvious choice. Whether that be through a lookup table to avoid having to do the
optimisation on board the ship or the best performance would be a current-state optimiser. By adding
spare cooling capacity within the optimiser model, the problems that it encountered in this research
will be negated and it has a large enough gap to load-based flow in power consumption performance
that it would still perform better. If no such model is available, then going for an onboard algorithm
like load-based flow would be a viable alternative. If that is considered too advanced, the next best
option would be a combination of standard rule and temperature difference. Adding a rule that would
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activate additional cooling when the coolant leaving the fuel cell exceeds a certain temperature would
cause the temperature overshoot that temperature difference experiences to be mostly negated while
maintaining the upside of no pump on/off cycles during constant load. To increase efficiency at low
river water temperatures a winter rule set can be introduced.

Even though optimisation-based methods show superior performance, they would require a backup
control system as, due to their reliance on models, there is a reasonable chance that the models
are inaccurate. This can be due to various reasons, including fuel cell degradation, increased pipe
flow resistance over time, or a component failing. Current-based optimised is especially susceptible
to sensor measurement failure as this method requires additional temperature measurements of the
coolant entering and leaving the fuel cell units. Additional redundancy can be introduced for the fuel
cell heat load model. By measuring the coolant flow together with the coolant temperatures over the
fuel cell units, the heat load of the fuel cell units can be calculated. Assuming the highest heat load
out of the model based on fuel cell electric energy load and these measurements would reduce the
risk of failure. The river water temperature measurement can be compared to historical river water
temperature data. If the measured river water temperature is significantly lower than the historical
river water temperature, the optimisation models will use the historical river water temperature as a
precaution. This research shows the importance of accurate models for optimisation-based methods to
function as simplifications with regard to resistance calculations and coolant thermal properties already
result in steady-state errors in the temperature control. While it is safe to conclude that optimisation-
based methods have the best performance, further research into the implementation of these methods
is required.

6.1.5. Discussion on the research

This research clearly shows that a lot of energy can be saved with the cooling system of a ship. Findings
from previous research that concluded that implementing variable-speed pumps within cooling leads
to savings in power consumption are also echoed by this research. Methods that were able to reduce
pump speed had lower power consumption compared to methods that were not able to reduce pump
speed. While this is an obvious finding, this research provided an overview of the magnitude of the
power savings. It should be noted, however, that the modelled cooling system on which the control
methods were tested lacked validation data. While this means that the findings of this research can
not be directly applied to the FPS Waal on which the modelled cooling system is based, this does not
discredit the findings of this research. The thermal fluid properties used in the Simulink model are a
realistic representation. Even if the valves are not modelled correctly, meaning that the pressure drop
over the valves does not align with reality, the only repercussion this has on this research is that the
value of the valve position of the three-way valve S is unrealistic. If the general pressure drop over
the valve is too low, this model would have to compensate by closing the valve further than in reality to
ensure the correct flow. The model tested in this research had realistic flows and pipe volumes, leading
to realistic coolant transportation.

This research mentions fuel cell units; however, other than an estimation for the mass, specific heat
capacity, and operating temperature, this research is separate from anything fuel cell related. When
assessing the performance of control methods, as the aim of this research was, the accuracy of the fuel
cell model is not relevant as long as one does not make conclusions about the fuel cell units, which this
research does not do. This research examined the cooling system response to different environmental
and heat load scenarios. While fuel cell temperature is mentioned as a metric that is looked at, the
name is mainly due to the cooling system this research is based on rather than accurately representing
an actual fuel cell unit.

The heat exchanger models used are simplified. They transfer heat based on the heat transfer in
nominal conditions and an extrapolation of work points. The error caused by this is most likely small,
and even then, it does not affect this research as the accuracy of the heat exchangers does not influence
the performance of the control methods.

6.2. Recommendations

Two sets of recommendations stem from this research. The first set encompasses the recommenda-
tions that aim to improve the research performed here. The second set of recommendations is about
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how the research performed here can be expanded upon.

The optimisation models have much room for improvement in this research. The problems that arose
from linearised flow resistance and constant fluid properties have been extensively described. Approx-
imations for flow resistance and fluid properties could be added for accuracy, although they would
increase the computation time. The current way the optimisation model is set up is incapable of reduc-
ing the river water pump flow. Having both flows vary would change the piece-wise linear constraints
3.76 and 3.77 into 2-D piece-wise linear approximation. This limits the current optimisation models to
fixed-speed pumps for the river water pumps.

The control methods used in this research were tuned to, during constant load, not exceed 68 °C. They
were not tuned to minimise power consumption or further improve temperature management. While
further tuning of these methods is unlikely to change the overall conclusions from this research, it would
be interesting to know the limits of these methods and further strengthen the findings. The same goes
for the simulations. While significant gaps in river water temperature are acceptable for testing the op-
timisation methods and temperature difference, for standard rule, load-based pump, and load-based
flow, a slight variation in river water temperature could be the difference between constant temperature
fluctuations and no temperature fluctuations. These methods should be tested with more river water
temperatures. During this research, the cooling system components were assumed to be constant,
except for the river water pumps, which were considered variable-speed pumps for temperature differ-
ence and load-based pump. This sort of research should be repeated on different layouts of cooling
systems to see if the results are similar.

Different control methods should be tested. Load-based flow could be improved in performance by
replacing the algorithm with a PID controller which attempts to keep the coolant leaving the fuel cell
units at 65 °C.

The fuel cells were considered a heat source and a thermal mass in this research. A proper model for
the coolant flow through the fuel cell unit and the fuel cell thermal balance would improve this research.
This would enable real-life simulations where rather than a heat load, an electrical load can be used as
input to the model, and with a more complete thermal balance equation over the fuel cell, the impact
of cold outside air in winter can be an aspect that is looked at.

Expanding on this research would involve including the energy management system. An energy man-
agement system that can consider fuel cell temperature and use the battery to supplement additional
energy allows the cooling system time to ramp up the cooling before the fuel cell heat load increases.
This could be expanded upon even further with optimisation-based control to create a scenario where
future loads are known and the result it could have on the cooling system management.



Conclusion

This research examined and compared the performance of rule-based and optimisation-based control
methods when used on a cooling system with multiple pumps, heat exchangers, and fuel cell units. To
achieve this, seven control methods were devised and tested on a model of a cooling system based
on the FPS Waal in constant load, step load, and scenario simulations.

With a constant heat load, the optimisation-based methods perform better than rule-based methods
when it comes to temperature management, pump on/off cycles, and cooling system power consump-
tion. The optimisation-based methods suffer from nonlinearities in flow calculations and thermal fluid
properties, which leads to simulations where the temperature is not sufficiently controlled. This can
be prevented by improving the optimisation models. The best-performing rule-based control method
is load-based flow. Still, this method suffers from pump on/off cycles, and at low heat load or low river
water temperatures, the optimisation-based control methods have significantly lower cooling system
power consumption.

The rule-based control methods did respond better to a change in heat load than the optimisation-based
control methods. This is because these methods have too much cooling capacity at low heat loads, lead-
ing to spare cooling capacity when the heat load increases, forming a buffer. The optimisation-based
control methods have minimal spare cooling capacity and are thus more susceptible to an increase
in heat load. Especially lookup suffers from an increase in heat load as steady-state optimised and
current-state optimised can instantly respond to a change in heat load. Current-state optimised suffers
from nonlinearities, resulting in several steady-state errors.

During the scenario simulations, the methods are subjected to changes in heat load and the number
of active fuel cell units. Optimisation-based control methods are again more susceptible to changes in
heat load than rule-based control methods. However, they do have significantly lower cooling system
power consumption. Steady-state optimised has a marginally lower power consumption compared
to current-state optimised. Current-state optimised has better temperature management. The best-
performing rule-based control method is load-based flow, which has the lowest cooling system power
consumption and adequate temperature management. Lookup is the only control method that featured
temperature spikes well above 68 °C.

Load-based flow’s average power consumption over the scenario simulations is 39.2% higher than the
average power consumption of steady-state optimised. Load-based pump, temperature difference, and
standard rule perform significantly worse, with 96.4%, 179.5%, and 197.0%, respectively. Current-state
optimised only has a 0.85% higher average power consumption and lookup a 5.85% higher average
power consumption.

While the optimisation-based control methods significantly reduce energy consumption, they rely on
an accurate cooling system and fuel cell heat load model. In this research, where the degradation of
fuel cell units and cooling system components were ignored, the effects of model inaccuracies due
to simplifications can be seen as steady-state errors in temperature control. In a practical scenario
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where the state of the cooling system components changes over time, it can be expected that the
models used for the optimisation-based control methods have more inaccuracies, resulting in worse
temperature control. The modelling of optimisation models of a cooling system needs to be further
explored before they can be implemented in practice.
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Piecewise linear constraints

Figure A.1 shows the piecewise linear approximation used for constraints 3.48, 3.49, 3.76, and 3.77.
Figure A.2 shows the piecewise linear approximation used for constraints 3.39 and 3.40.
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Constant load simulations

Figure B.1 shows the legend for the constant load simulation figures. Colours are assigned to river
water temperature and line style is assigned to fuel cell heat load. Figures B.2 - B.7 show the fuel cell
temperature during the constant load simulations for standard rule, temperature difference, load-based
flow, load-based pump, lookup, and steady-state optimised respectively.
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Figure B.1: Legend for figures B.2 - B.7
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Figure B.2: Fuel cell temperature during constant load simulations with standard rule
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Figure B.6: Fuel cell temperature during constant load simulations with lookup
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