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Abstract

Gaseous hydrogen is one of several alternatives to fossil-based vehicle fuels. In order
to establish hydrogen as a good alternative, it is necessary to implement hydro-
gen refueling stations that can compete with conventional refueling stations. That
is, the hydrogen refueling stations must be able to meet the customer’s demands
and expectations. The Society of Automotive Engineers has therefore developed
a protocol that provides performance requirements for gaseous hydrogen refueling
stations. These requirements include average pressure ramp rates (APRR) which
describe the desired pressure rise in the vehicle tank along with precooling temper-
atures of the hydrogen prior to entering the vehicle. The precooling is necessary
due to two phenomena occurring during refueling: 1) reverse Joule-Thomson effect,
and 2) heat of compression.

In this thesis, a simple dynamic model of a hydrogen refueling station with a
direct compression design has been developed and implemented in MATLAB. The
direct compression design consists of two parallel process lines where one contains
a reduction valve and the other a compressor. The pressure difference between the
station and the vehicle decides which process line is utilized during the refueling.
In order to comply with the precooling temperature set by the protocol, a heat
exchanger has to be included after the compressor and reduction valve but prior to
the nozzle connected to the vehicle. A production section where hydrogen is pro-
duced from electrolysis of water has also been included in the model. Two pressure
controllers have been implemented; one for each process line. These controllers are
of the PI type and control the pressure rise in the vehicle tank.

Various conditions such as different initial vehicle tank pressures, ambient tem-
peratures and APRRs have been tested. These conditions were all handled well by
the model. Additionally, the implemented controllers were able to track the APRR
tightly under all the various conditions. The waste heat generated in different
components at the station was quantified to see whether an absorption refrigera-
tion process can be utilized for cooling the hydrogen prior to the vehicle tank. In
total, four different cases for making the absorption refrigeration process workable
were considered. However, the process is only achievable in one of the cases for an
ambient temperature of 15◦C and presumably below.
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Sammendrag

Hydrogengass er ett av flere alternativer til fossilbaserte drivstoff. For å kunne
etablere hydrogen som et bra alternativ er det nødvendig å implementere hydro-
genfyllestasjoner som kan konkurrere med konvensjonelle bensinstasjoner. Det vil
si, fyllestasjonene må kunne oppfylle kundens behov og forventninger. "Society of
Automotive Engineers" har derfor utviklet en protokoll som inneholder ytelseskrav
for hydrogenfyllestasjoner. Kravene inkluderer blant annet ønsket trykkøkning i
biltanken og temperatur på hydrogengassen før den fylles på biltanken. Dette tem-
peraturkravet er nødvendig på grunn av to fenomener som forekommer under en
fylleprosess: 1) invers Joule-Thomson-effekt, og 2) kompresjonsvarme.

I denne avhandlingen har det blitt utviklet og implementert en en enkel, dynamisk
modell av en hydrogenfyllestasjon med et direkte-kompresjonsdesign i MATLAB.
Designet består av to parallelle prosesslinjer hvor den ene inneholder en reduk-
sjonsventil og den andre en kompressor. Trykkforskjellen mellom fyllestasjonen og
bilen avgjør hvilken av prosesslinjene som blir brukt i løpet av fylleprosessen. For
å overholde temperaturkravet satt av protokollen må en varmeveksler inkluderes
etter reduksjonsventilen og kompressoren men før munnstykket som bilen kobler
seg til. En produksjonsdel hvor hydrogen blir produsert fra elektrolyse av vann har
også blitt inkludert i modellen. I tillegg har to trykkregulatorer blitt implementert;
en for hver prosesslinje. Disse regulatorene er av typen PI-regulator og regulerer
trykkstigningen i biltanken.

Forskjellige forhold som ulike starttrykk i biltanken, omgivelsestemperaturer og
trykkøkninger har blitt testet. Alle disse forholdene ble håndtert bra av modellen.
I tillegg var regulatorene i stand til å regulere trykkøkingen i henhold til det som er
gitt i protokollen. Varmen som blir generert av de ulike komponentene på stasjonen
ble kvantifisert for å se om en absorpsjonskjøleprosess kan benyttes for kjøling av
hydrogenet før biltanken. Fire forskjellige tilfeller som kan føre til at absorpsjon-
skjøleprosessen blir gjennomførbar ble vurdert. Prosessen er kun gjennomførbar
for ett av tilfellene, og da ved en omgivelsestemperatur på 15◦C og formodentlig
lavere.
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1 | Introduction

Gaseous hydrogen (H2) is one of several alternatives to fossil-based vehicle fuels
such as gasoline and diesel. Hydrogen is an energy carrier which in reaction with
oxygen generates water and energy. This reaction is exploited in a fuel cell where
its chemical energy is converted into electrical energy. The produced electrical
energy can be used to, for instance, power a vehicle. There are several reasons
why hydrogen is considered as an alternative to fossil-based fuels. First, hydrogen
is one of the most abundant elements on earth and occurs naturally in chemical
compounds such as hydrocarbons and water. Second, the reaction between hydro-
gen and oxygen produces water as the only by-product. This will eliminate local
vehicle-caused air pollution which is an increasing problem in densely populated
areas [1]. Third, if the hydrogen is produced by using renewable energy resources,
the carbon dioxide emission related to production of fuel can be significantly re-
duced.

Essentially, gaseous hydrogen is more environmentally friendly as a fuel than the
fossil-based ones. To establish hydrogen as a fuel, a hydrogen infrastructure and
accordingly, hydrogen refueling stations must be implemented. For hydrogen to
be established as a superior fuel, it is essential that these hydrogen refueling sta-
tions can compete with conventional refueling stations. That is, the hydrogen
refueling stations must be able to meet the customer’s demands and expectations.
This includes supplying a full tank of hydrogen within an acceptable time frame
without violating any of the safety limits. Additionally to fulfilling the customer’s
demands, the refueling stations face some challenges regarding both storing and re-
fueling gaseous hydrogen. One challenge is that the density of hydrogen gas is very
low. At atmospheric pressure and 25◦C, the density of hydrogen is 0.082 kg/m3

[2]. One kilogram of hydrogen gas at these conditions will take up a volume of
approximately 12 m3. Therefore, the hydrogen gas must be compressed to high
pressures in order to make it compact enough for storage and mobile applications
[3].

To achieve an acceptable driving range, the hydrogen should be stored at a pressure
between 35 - 70 MPa in the vehicle tank. This, of course, imposes high require-
ments to the equipment at the station and in the vehicle. Another challenge is
during refueling, the gas temperature will increase due to two physical phenomena:
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1) reverse Joule-Thomson effect during isenthalpic expansion through valves, and
2) heat of compression occurring in compressors and during tank filling. As the
temperature in the tank will increase more with a faster refueling due to the heat of
compression, it is necessary to cool the hydrogen before it enters the vehicle tank.
This will enable a fast refueling without running the risk of overheating the tank.

The customer’s demand and the safety limits are often competing. As discussed
above, a fast refueling which is a customer expectation may result in overheat-
ing of the vehicle tank. On the other hand, a slow refueling which easily will
comply the safety limits may result in no customers. In order to ensure safe and
"customer-acceptable" hydrogen refueling stations, the Society of Automotive Engi-
neers (SAE) has developed a protocol that establishes safety limits and performance
requirements for gaseous hydrogen refueling stations [4]. This protocol is denoted
SAE TIR J2601 and will be referred to as such or solely as J2601. The safety
limits include lower and upper temperature bounds for the station and the vehi-
cle tank. The performance requirements contain refueling targets and proposed
pressure ramp rates that will define the appropriate refueling time. The pressure
ramp rate defines how much the pressure should increase per unit of time at the
nozzle which the vehicle is connected to. An appropriate refueling time in this
case is between 2-5 minutes. In order to achieve a customer-acceptable and safe
refueling, the J2601 protocol provides look-up tables that suggest: 1) the target
pressure at which the refueling is complete, and 2) the average pressure ramp rate
which ensures that the maximum temperature limit is not exceeded. However, the
protocol does not mention anything about how to achieve a full vehicle tank.

There are in principle two methods for refueling a tank with hydrogen gas. One
of the methods is denoted tank-to-tank refueling and is when the hydrogen gas is
compressed to high pressures and stored in one or several stationary tank(s) at
the station [5]. The refueling is then forced by the pressure difference between the
station tank(s) and the vehicle tank. The advantage with tank-to-tank refueling is
that the refueling can occur at high mass flows. However, since the hydrogen first is
compressed and then expanded during the refueling due to the pressure difference,
some of the compressor work performed during the compression is wasted. This
will, to a large extent, be avoided in the second method in which the hydrogen is
stored at low pressures and compressed directly into the vehicle. Hence the name
direct compression refueling. Since the hydrogen gas is compressed to the actual
pressure in the vehicle tank, no compressor work will go to waste. The challenge
with direct compression is that large compressors are required to complete the re-
fueling in the time frame set by the SAE TIR J2601.

Common for both approaches is that cooling of the hydrogen is required prior
to the vehicle tank. As mentioned above, the cooling is necessary because of the
reverse Joule-Thomson effect and heat of compression occurring during the refu-
eling. Typically, the hydrogen is cooled down to -40◦C before entering the tank
[4]. Hence, the refrigeration process requires a lot of energy. As several other
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units at the station generate waste heat (e.g. compressor, electrolyzer), an absorp-
tion refrigeration process could be utilized instead of a conventional compression
refrigeration process. An absorption refrigeration process uses waste heat to sep-
arate a refrigerant and an absorbent at high pressures. The refrigerant is then
condensed at high pressures and evaporated under low pressure, thereby cooling
the surroundings. Thermal energy is driving this process, and the only electrical
energy required is for pumping the refrigerant/absorbent solution from low to high
pressure. As this electrical energy only corresponds to 5% of the total required
energy, a significant amount of energy can be saved compared to a conventional
compression refrigeration process.

The goal with this thesis is to develop a simple dynamic model of a hydrogen
refueling station with a direct compression refueling design. The hydrogen refu-
eling station will include a production section where hydrogen is produced from
electrolysis of water. The model will be implemented in MATLAB, and an external
thermodynamic property database named CoolProp will be used for obtaining the
thermodynamic properties of the hydrogen. In addition, the cooling demand of
the hydrogen before entering the vehicle tank along with the waste heat generated
in the different process components will be estimated. The heat needed to drive
the absorption refrigeration process will be calculated based on coefficient of per-
formance considerations. The generated waste heat and the required heat input
will be compared to see whether it is possible to utilize an absorption refrigeration
process at the station.

The report starts with an introduction to the hydrogen refueling protocol devel-
oped by the Society of Automotive Engineers. Then, a brief presentation of the
tank-to-tank refueling approaches together with a thoroughly description of the
refueling station modeled in this thesis are given. Thereafter, the working prin-
ciple and requirements for the absorption refrigeration process will be introduced
along with a description of the absorption refrigeration process at the hydrogen
refueling station. Furthermore, the model development for each component at the
station follows. This chapter also includes the control configuration of the station.
The next chapter contains a brief description of the implementation of the model
and the applied thermodynamic property database, CoolProp. Then, a results and
discussion chapter on the model behavior follows. This behavior involves pressure,
temperature and mass flow evolution as well as cooling demands and compressor
works at the station. The next chapter includes results and discussion from the
estimation on whether the absorption refrigeration process is achievable in a hy-
drogen refueling station. Finally, the conclusion and suggestions for further work
wrap up the thesis.

3



INTRODUCTION

4



2 | Refueling protocol and
procedure

The Society of Automotive Engineers (SAE) has developed a technical information
report (TIR) for hydrogen refueling stations. The report is named SAE TIR J2601
and its scope is to establish safety limits and performance requirements for gaseous
hydrogen fuel dispensers [4]. These safety limits and performance requirements
are described in this chapter. The J2601 provides refueling guidelines for both
hydrogen vehicles with and without the possibility to communicate with the sta-
tion, here called "communication" and "non-communication" vehicles. "Communi-
cation" means that the vehicle and the station are able to communicate through
a data interface and thereby exchange useful information. However, only non-
communication vehicles are considered in this report.

2.1 Refueling station ratings
The J2601 protocol applies for hydrogen vehicles with nominal working pressures
(NWP) at 35 MPa and 70 MPa. The nominal working pressure corresponds to the
pressure at which the vehicle tank is full at a temperature of 15◦C. During refueling,
the temperature of the hydrogen gas will increase due to heat of compression and
the reverse Joule-Thomson effect. Therefore, the fuel is precooled right before
entering the vehicle tank in order to ensure that the maximum temperature limit
is not exceeded within the tank. A hydrogen refueling station is rated based on its
precooling temperature as well as the station’s highest possible refueling pressure.
In addition to the two pressure ratings (35 and 70 MPa), there are four different
temperature ratings, each assigned a letter (A, B, C or D). For instance, an A70
station will precool the hydrogen down to -40◦C and can deliver the fuel at 70 MPa.
The ratings are presented in Table 2.1. Note that the vehicles with NWP of 70 MPa
are further split into two types depending on the mass capacity of the vehicle tank.
C70 and D70 ratings are not included as these are not recommended.

5



REFUELING PROTOCOL AND PROCEDURE

Table 2.1: The different ratings of a hydrogen refueling station based on precooling
temperature and highest possible refueling pressure.

Type Pressure [MPa] Precooling temperature [◦C] Mass capacity [kg]

A70 70 -40 1-7
A70 70 -40 7-10
A35 35 -40 1-7.5
B70 70 -20 1-7
B70 70 -20 7-10
B35 35 -20 1-7.5
C35 35 0 1-7.5
D35 35 No precooling 1-7.5

2.2 General requirements
At the two different NWPs, the gas densities in the vehicle tanks are 24.0 kg/m3

(35 MPa) and 40.2 kg/m3 (70 MPa). These densities correspond to a filling level,
or state of charge (SOC), of 100% for the two different NWP vehicles. The SOC
is defined as the ratio between the actual density and the target density (at a
temperature of 15◦C) [4]. The ratio can be expressed as

SOC = ρ(p, T ))
ρ(NWP, 15oC) × 100% (2.1)

where ρ is the gas density, p the pressure and T the temperature in the tank. The
goal of the refueling is to achieve an SOC of 100% without violating the safety
limits. However, neither the hydrogen density nor the temperature in the vehicle
tank can be measured by the station. Therefore, appropriate target pressures based
on the desired target density and ambient temperatures are given in J2601. Since
the refueling is aborted when the specified target pressure is reached, and since this
target pressure is set based on ambient temperature, the SOC is not necessarily
100% when the refueling is finished. This is because the initial temperature in
the vehicle tank is not necessarily equal to the ambient temperature. A lower
initial tank temperature may lead to overfilling as the final actual temperature is
lower than the expected temperature, thus resulting in a higher density which may
result in a SOC > 100%. If the initial tank temperature is higher than the ambient
temperature, which may occur if the vehicle has been parked in the sun, the vehicle
tank may be overheated during the refueling.

2.2.1 Refueling process limits
As mentioned above, the goal of the refueling is to reach a SOC of 100%. How-
ever, the SOC must never exceed 100%. In addition, the temperature must be
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maintained between -40◦C and 85◦C. This is to avoid thermal stress damage to the
tanks [5]. The maximum allowed pressure is 125%×NWP. That is 87.5 MPa for a
70 MPa NWP vehicle and 43.75 MPa for a 35 MPa NWP vehicle. Below follows a
list that summarizes some of the refueling process limits set by the J2601:

• The state of charge (SOC) must never exceed 100%.

• The maximum gas temperature in the vehicle tank is 85◦C.

• The minimum gas temperature in the vehicle tank is -40◦C.

• The maximum allowed pressure in the vehicle tank is 125%×NWP.

• The maximum allowed fuel flow rate at the dispenser nozzle is 0.06 kg/s.

These limits constitute an operating range for the fueling process. The operating
range for a 70 MPa NWP fuel system is presented in Figure 2.1 [6].

Figure 2.1: The operating range for a 70 MPa NWP vehicle [6].

2.2.2 Refueling control
The refueling is controlled by an average pressure ramp rate (APRR). That is, the
pressure rise over time is constant. The APRR is set at the dispenser nozzle and is
designed such that the gas temperature inside the vehicle tank will not exceed 85◦C
during a complete fill as long as the cooling demand is met. The refueling can also
be controlled by limiting the mass flow upwards; a so-called peak-flow-rate control
[6]. However, tanks with smaller volumes will be filled much faster than larger
tanks, and will thus run the risk of getting overheated. This problem is overcome
by refueling with a constant pressure rise since tanks with different sizes will be
refueled equally fast, thereby preventing the risk of overheating smaller tanks. The
J2601 provides look-up tables containing the APRR and target pressure for different
initial conditions. The purpose of these tables is to optimize the performance of
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refueling stations without violating the safety constraints. The ramp rates were
found by running simulations to determine the fastest possible ramp rate that
could fill the tank from 2 MPa to 100% SOC without surpassing the maximum
temperature limit (85◦C) and the maximum flow rate limit (0.06 kg/s).

2.3 Procedure for compressed hydrogen refueling
When a vehicle connects to the refueling station, the station measures the initial
pressure in the vehicle tank. Then the station uses a pressure pulse along with flow
measurements to determine the tank volume and hence the mass capacity of the
tank. Which look-up table to use is decided by the mass capacity of the tank along
with the station’s refueling rating which is given in Table 2.1. Within the look-up
table, the initial tank pressure and the ambient temperature are used to find the
correct APRR and target pressure. When the APRR is set, the refueling starts.
Due to the possibility of overheating or overfilling as discussed in Section 2.2, the
actual pressure ramp rate cannot vary from the average pressure ramp rate by
more than 10%. When the target pressure is reached, the refueling is aborted.
An overview of the procedure is presented in Figure 2.2. Note that this procedure
applies only for "non-communication" vehicles.

Figure 2.2: The refueling procedure for compressed gaseous hydrogen.
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3 | Hydrogen refueling
station designs

This chapter provides a description of the process designs presented in the introduc-
tion. The tank-to-tank refueling will be described briefly while a more thoroughly
description will be given for the direct compression design. The production section
of the station will be explained only in the direct compression part. The station
being described is an A70 station. That is, the station precools the hydrogen to
-40◦C and is able to refuel a vehicle tank to 70 MPa.

3.1 Tank-to-tank refueling
The simplest tank-to-tank refueling design provides only one stationary hydrogen
storage tank at the station [5]. This design is shown in Figure 3.1 and will be
referred to as a single-tank storage system.

Figure 3.1: Tank-to-tank refueling with only one hydrogen storage tank at the
station.

In the single-tank storage system, the hydrogen gas is stored at a pressure around
90 MPa in the storage tank. The hydrogen vehicle connects to the station through
a dispenser nozzle. After the connection has been established, the target pressure
and the APRR are obtained as explained in Section 2.3. Thereafter, the station
opens for the storage tank, and a mass flow of hydrogen is forced from the storage
tank to the vehicle tank due to the pressure difference. The reduction valve controls
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the pressure rise at the dispenser nozzle so that it corresponds to the given APRR.
This is achieved by altering the mass flow through the reduction valve. When the
hydrogen gas is expanded through this valve, the gas temperature increases due to
the reverse Joule-Thomson effect. In addition, the temperature in the vehicle tank
will increase as more mass enters. This is due to the heat of compression occurring
when the hydrogen already in the tank is compressed by the hydrogen entering the
tank. Because of these two phenomena, a heat exchanger must be included in order
to comply the maximum temperature limit (85◦C) set by the J2601 [4]. This heat
exchanger will cool the hydrogen to one of the precooling temperatures presented
in Table 2.1. At this station, to -40◦C. After each refueling, the high-pressure tank
at the station has to be refilled from a low-pressure storage tank by a compressor.
This is, however, not included in Figure 3.1.

The single-tank storage design is simple and provides easy control of the pres-
sure rise. One of the disadvantages with this design, however, is that some of the
compressor work used for obtaining the high pressure in the storage tank is going
to waste. This occurs when the gaseous hydrogen is expanded through the reduc-
tion valve during refueling. Typically in a single-tank storage system, the pressure
difference across the valve is considerably greater than necessary to comply the
APRR in the majority of the refueling period. Hence, the entropy generation is
large. In addition, a larger pressure difference across the reduction valve causes a
larger temperature increase, thus resulting in a higher cooling demand. Further-
more, storing the hydrogen at a high pressure in only one tank requires a large
high-pressure storage tank. These high-pressure hydrogen storage tanks are ex-
pensive. An improvement of the single-tank storage system is the cascade-tank
storage system This design is most commonly used by the industry and is pre-
sented in Figure 3.2 [5].

The cascade-tank storage system consists of one high-, one medium- and one low-
pressure tank at pressures around 90-100, 60-70 and 40-50 MPa, respectively. The
rest of the process design is similar to the single-tank storage design. When a vehicle
connects to the station, the station starts refueling from the low-pressure tank. The
refueling continues until the pressure in the low-pressure tank becomes insufficient
to maintain the APRR. At this point, the station switches to the medium-pressure
tank and the refueling proceeds. When the pressure in the medium-pressure tank
is not sufficient to comply the APRR either, the station starts refueling from the
high-pressure tank. Hence, the high-pressure tank is used for refueling in a shorter
time period compared to the single-tank storage design. The size of the expensive
high-pressure tank can thus be reduced. The work of the compressor refilling the
tanks will also be less since not all of the hydrogen must be compressed to 90 MPa.

Using several tanks with different pressures results in a lower pressure difference
across the reduction valve. This means that the entropy generation is reduced
compared to the single-tank storage design. In other words, less of the compressor
work used to achieve the high pressures in the tanks is going to waste. Additionally,
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Figure 3.2: Tank-to-tank refueling with three storage tanks each having different
pressures.

a lower pressure difference across the valve results in a lower temperature increase.
This implies a smaller cooling demand in heat exchanger 3. Although the cascade-
tank design improves the performance of the tank-to-tank refueling design, some
compressor work is still lost since a pressure difference across the valve is required
for the refueling to take place. Furthermore, in a tank-to-tank refueling design,
the storage tanks must be refilled with hydrogen from a low-pressure storage after
each refueling. This implies that the station requires some time to recover before a
new refueling. Thus, customer may have to wait for the storage tanks to be refilled
before he or she can refuel. This does not comply with the goal of being "customer-
acceptable". By compressing the hydrogen directly into the vehicle, these issues
will be eliminated.

3.2 Direct compression
The direct compression refueling process along with the production section is pre-
sented in Figure 3.3.

3.2.1 Production section
The hydrogen gas is produced from electrolysis of water. Typical electrolyzers used
for this are alkaline electrolyzers, proton exchange membrane (PEM) electrolyzers1

and solid oxide electrolyzer (SOEC) [7]. The alkaline electrolyzer is the most ex-
tended technology at a commercial level and has an efficiency range of 47%-82% [8].

1.The technology is also referred to as polymer electrolyte membrane electrolyzer, also with the
same acronym PEM [7].
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Figure 3.3: The flow sheet for the direct compression design along with the pro-
duction section.

PEM electrolyzers are not that extended commercially due to their limited pro-
duction capacity and short lifetime compared to their high investment cost. Their
efficiencies are in the range 48%-65%. The SOECs, on the other hand, are still on
the research and development stage. Therefore, the electrolyzer at this station is
of the alkaline electrolyzer type. The operating temperature and pressure of an
alkaline electrolyzer lie in the intervals 70-100◦C and 0.1-3 MPa, respectively [9].
The electrolyzer in this refueling station will produce at a pressure of 1.2 MPa
and a temperature of 90◦C. Typically, the simplest electrolyzers produce hydro-
gen at a fixed power input until the pressure reaches a certain maximum limit
(e.g. 1.2 MPa). Then the electrolyzer stops producing until the pressure drops
below a specified minimum value. There exist also more complicated electrolyzers
which can produce at varying power input. The electrolyzer in this model will be
of the latter type and will start producing hydrogen when a vehicle initiate a refu-
eling. After the refueling is complete, the electrolyzer will continue the production
of hydrogen until the storage tank reaches its nominal pressure.

A large amount of waste heat is produced during the electrolysis, mainly due to
electrical inefficiencies [9]. It is assumed that all of this waste heat is removed by
an internal heat exchanger in the electrolyzer unit. That is, the operating tempera-
ture of the electrolyzer is fixed during operation. Because of the elevated operating
temperature, a heat exchanger (heat exchanger 1) has been included after the elec-
trolyzer in order to cool the hydrogen to the ambient temperature. This is to
ensure that the inlet temperature of the compressor is low in order to avoid a very
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high outlet temperature. The buffer tank following the heat exchanger is included
to provide stable operating conditions for the compressor. That is, ensuring that
hydrogen is always available when the compressor starts working. This is, however,
a design issue and the buffer tank will not be included in the model as it will be
assumed as a steady-state operation.

Several compressor types are applied for compression of hydrogen. The most com-
mon compressor type is the positive displacement type which includes recipro-
cating, membrane and ionic liquid compressors [10]. These all work by sucking
in hydrogen gas, decreasing the enclosed volume the gas is trapped in (i.e. com-
pressing the gas) before releasing the newly compressed gas. The reciprocating
compressor, for instance, achieve this by piston displacement in a cylinder [11].
The two compressors at the station will be considered as the reciprocating type.
The compressor in the production section (compressor 1) compresses in two stages
due to the high compression ratio (from 1.2 MPa to 30 MPa in the storage tank).
An intercooler is included between the two stages, cooling the hydrogen to the
ambient temperature. Because of the heat of compression occurring both during
compression but also in the storage tank, a heat exchanger is included after the
compressor as well. The heat exchanger is referred to as heat exchanger 2 and
ensures that the hydrogen is cooled to ambient temperature before entering the
storage system.

3.2.2 Refueling section
As can be seen in Figure 3.3, the direct compression design consists of two "pro-
cess lines" in the refueling section. One line contains a reduction valve, the other
a compressor. The compressor is referred to as compressor 2. The produced hy-
drogen gas is stored at a pressure of 30 MPa in the storage tank [12]. When a
vehicle connects to the station, the same procedure for obtaining the target pres-
sure and APRR as for the two previously discussed designs is performed. As long
as the pressure in the vehicle tank is lower than the pressure in the storage tank,
the process line with the reduction valve is utilized for refueling. The reduction
valve sets the APRR at the dispenser nozzle similar as in the tank-to-tank refu-
eling approach. However, when the pressure difference across the reduction valve
reaches a certain limit, the station switches to the compressor line. The hydrogen
gas is now directly compressed into the vehicle tank. Consequently, the APRR is
controlled by manipulating the compressor speed which will affect the mass flow.
For both process lines, the hydrogen must pass through a heat exchanger for the
same reasons discussed in the tank-to-tank refueling designs: 1) the reverse Joule
Thomson effect, and 2) heat of compression. This heat exchanger is referred to
as heat exchanger 3. Note that the cooling demand will be higher when the com-
pressor line is utilized. The heat of compression is more significant than the heat
generated by the reverse Joule-Thomson effect [13]. In addition, the cooling de-
mand will vary as the mass flow is changed during operation in order to maintain
the APRR. Heat exchanger 3 must therefore be capable of working at variable load.
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The advantage of direct compression is that, when the compressor is utilized, the
hydrogen will be compressed to the current pressure in the vehicle tank. Hence,
none of the applied compressor work is going to waste, neither in the production
section nor in the refueling section. This will be the case when the reduction valve
line is utilized. However, both the time period for utilizing the valve and the pres-
sure difference across the reduction valve will be less compared to the tank-to-tank
refueling designs. The direct compression design also removes the need for storing
hydrogen at high pressures which is a safety concern in itself for not mentioning
the need for expensive high-pressure storage tanks. Furthermore, the station does
not require recovery time after a refueling. Even though the storage tank is not
completely filled due to a recent refueling, it can still refuel a new vehicle because of
the direct compression. This will be an important factor if hydrogen vehicles shall
be utilized in the future as the customers do not have to wait for the station to
recharge. However, direct compression requires large compressors, and additionally,
the control of the compressors may pose a challenge.

14



4 | Absorption refrigeration

According to the SAE TIR J2601, the hydrogen gas cannot exceed a tempera-
ture of 85◦C inside the vehicle tank [4]. For a 70 MPa vehicle it is recommended
that the hydrogen is cooled down to the lowest of the specified precooling tem-
peratures, -40◦C, before entering the vehicle tank. This cooling is performed in
heat exchanger 3. Because of the low precooling temperature and the elevated
inlet temperature caused either by expansion or compression in the process lines, a
large amount of heat needs to be removed from the hydrogen in order to reach the
precooling temperature. This requires a considerable amount of work in a conven-
tional compressor refrigeration cycle. However, the electrolyzer and compressor 1
also generate heat that must be disposed of. Instead of rejecting this heat to the
surroundings as waste, it can instead be utilized in an absorption refrigeration pro-
cess. This will reduce the energy input to the refrigeration process required in heat
exchanger 3 for achieving the precooling temperature.

4.1 Working principle

In an absorption refrigeration process, the working fluid is a binary solution con-
sisting of an absorbent and a refrigerant. The most common working fluids are
water/ammonia (NH3) and LiBr/water [14]. In the case of a water/NH3 solution,
water is the absorbent and NH3 is the refrigerant. Conversely, for a LiBr/water
solution, LiBr is the absorbent and water is the refrigerant. Using water as a re-
frigerant limits the cooling process to above water’s freezing point at 0◦C. NH3, on
the other hand, has a freezing point of -77◦C. Therefore, the water/NH3 solution is
utilized as the working fluid in this process. Figure 4.1 shows the single-effect ab-
sorption refrigeration system which is the simplest and most commonly used design
[14]. Single-effect refers to systems in which only one generator is utilized and will
be the design considered in this thesis. An absorption refrigeration cycle consists of
a high-pressure and a low-pressure part. In brief, the refrigerant is liquefied in the
condenser under high pressure and evaporated in the evaporator under low pres-
sure [15]. Heat transferred from the refrigerated space (i.e. hydrogen in this case)
(Q̇E) causes vaporization of the liquid refrigerant passing through the evaporator
[16]. In other words, it is the evaporator unit that facilitates the refrigeration.
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Figure 4.1: A water/NH3 absorption refrigeration cycle. Q̇A and Q̇C are heat
rejected in the absorber and condenser, respectively. Q̇E and Q̇G are heat absorbed
in the evaporator and the generator, respectively. ẆP is the electrical energy input
to the pump.

The refrigerant vapor leaving the evaporator is then absorbed by the weak solution
in the absorber. Weak solution refers to a solution which has a low concentration
of refrigerant and mainly consists of the absorbent. This absorption process is
exothermic. Since the amount of NH3 that can be dissolved in water increases as
the solution temperature decreases, it is desired to keep the temperature in the
absorber as low as possible. Typically, cooling water is circulated around the ab-
sorber to remove the generated heat during the absorption (Q̇A).

The solution leaving the absorber has a high concentration of refrigerant, hence
the label strong solution. This solution must be pumped to the generator as the
generator is working at a higher pressure than the absorber. The only electrical
energy required in an absorption refrigeration process is the energy necessary to
run the pump. This corresponds to 5% of the total energy required by the cycle
[15]. The rest of the energy is added as thermal energy to the generator (Q̇G).
The thermal energy, or heat, drives refrigerant vapor out of the strong solution,
leaving a weak refrigerant-absorbent solution. This solution is returned to the ab-
sorber through a valve while the refrigerant vapor is passed to the condenser. In
the condenser, the refrigerant is liquefied by rejecting heat (Q̇C) to cooling wa-
ter circulating the unit. The liquid refrigerant is then returned to the evaporator
through a throttling valve and the cycle is complete.
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In practice, this simple design is not utilized when the working fluid is water/NH3.
Because of the volatility of water, it is necessary to include a rectifier after the
generator to strip away water evaporating along with NH3 [14]. Without a rectifier,
there is a risk that water will form ice in the evaporator and the expansion valve,
thereby reducing the overall performance [16]. In addition, a heat exchanger can
be included between the absorber and the generator. The strong solution coming
from the absorber can thus be preheated by the hot weak solution returning from
the generator. This has a dual effect: 1) decreasing the required heat input to
the generator (Q̇g), as well as 2) causing that less heat must be rejected in the
absorber. Hence, the size of the absorber can be reduced. An additional design
feature not shown in Figure 4.1 is that the refrigerant can be stored in a fluid
reservoir between the condenser and the evaporator [17]. The refrigerant is then
stored as a liquid at the pressure of the high-pressure side. That is, the reservoir
will be prior to the valve providing the pressure drop.

4.2 Requirements of generator heat input

The heat added in the generator (Q̇G) is the energy that drives the absorption
refrigeration process. This heat may come from a direct-fired burner but also from
other heat sources such as industrial waste heat. Regardless of the source, there
are some requirements to the heat. In order to achieve a certain temperature in
the evaporator, there is a minimum temperature requirement for the waste heat.
This minimum temperature is dependent on two factors: 1) the desired evaporator
temperature, and 2) the temperature of the cooling water used for heat removal
in the absorber and condenser. An indicative relationship provided by Colibri b.v.
which is an engineering office with specialization within absorption technology is
summarized in Table 4.1 [15]. In order to be able to cool the hydrogen down to
the precooling temperature, the evaporator temperature is set to -45◦C.

Table 4.1: The relationship between the required temperature of the waste heat,
evaporator temperature and cooling water temperatures in an absorption refrigera-
tion process [15]. The evaporator temperature is -45◦C.

Evaporator Cooling water Required
temperature [◦C] temperature [◦C] temperature [◦C]

-45

15 150
20 160
25 175
30 186

It is assumed that the heat transferred to the generator is from saturated steam at
the required temperature given in Table 4.1.

17



ABSORPTION REFRIGERATION

4.3 Coefficient of performance
The coefficient of performance (COP) is used to express the efficiency of an ab-
sorption refrigeration process and is defined as the ratio of the heat absorbed in
the evaporator (Q̇E) to the total energy supplied to the system. The total energy
is the sum of the heat input to the generator (Q̇G) and the work performed by the
pump (ẆP ). The coefficient of performance can be expressed as:

COP = Q̇E

Q̇G + ẆP

(4.1)

However, the work input to the pump is negligible compared to the heat input to
the generator and will therefore be neglected. The expression can be simplified to

COP = Q̇E

Q̇G
(4.2)

and the heat input required in the generator can then be found from:

Q̇G = Q̇E
COP (4.3)

As for the driving temperature requirements, the COP is dependent on the evapo-
rator temperature and the temperature of the cooling water. A low cooling water
temperature and a high evaporator temperature result in a higher COP. The re-
lations between the COP, the evaporator temperature and different cooling water
temperatures are summarized in Table 4.2. The values are only indicative and are
obtained from [15].

Table 4.2: The relation between the COP and evaporator temperature for dif-
ferent cooling water temperatures in an absorption refrigeration process [15]. The
evaporator temperature is -45◦C.

Evaporator Cooling water COP
temperature [◦C] temperature [◦C]

10 - 20 0.45
-45 20 - 30 0.40

30 - 40 0.30

4.4 Available waste heat sources at the station
As mentioned earlier, heat will be generated in the electrolyzer and the two com-
pressors. The generated heat is removed in one of the several heat exchangers at the
station. These heat exchangers, excluding heat exchanger 3 where the absorption
refrigeration will take place, are available heat sources for the absorption refrig-
eration process. That is, the removed heat can be used to drive the refrigeration
cycle.
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These heat exchangers include:

• The internal heat exchanger in the electrolyzer.

• The heat exchanger following the electrolyzer (i.e. heat exchanger 1).

• The intercooler in compressor 1.

• The heat exchanger following the first compressor (i.e. heat exchanger 2).

Water is applied as cooling medium in these heat exchangers.

4.4.1 Fulfilling the requirements
As the operating temperature in the electrolyzer is 90◦C, the temperatures of the
heat removed by its internal heat exchanger and in heat exchanger 1 are not suffi-
cient according to Table 4.1. Hence, the waste heat from heat exchanger 1 and the
internal heat exchanger in the electrolyzer cannot be used directly in an absorption
refrigeration process. If the temperatures of the heat removed by heat exchanger 2
and the intercooler are not sufficient either, it is not possible to utilize an absorp-
tion refrigeration process at the station at all. However, if the temperatures are
high enough, but the amount of heat is not sufficient to drive the process alone, it
may still be possible to utilize an absorption refrigeration process. The four cases
that will be considered in this thesis are listed below:

I. Use the heat from only one heat source.

II. Increase the temperature of the low-temperature waste heat from the elec-
trolyzer heat exchanger with high-temperature waste heat from heat ex-
changer 2 and intercooler.

III. Include a heat exchanger after the compressor in the refueling section (i.e.
compressor 2) [12].

IV. A combination of II and III.

Case I is the optimal situation as it implies that one of the heat sources is sufficient
to drive the absorption refrigeration process alone. However, if this is not the case,
the remaining alternatives may still facilitate the utilization of the refrigeration
process. For instance, in Case II, although the temperature of the heat rejected in
the electrolyzer is not high enough, the amount of generated heat will likely be suf-
ficient as an electrolysis process produces a significant amount of heat. Therefore,
the assumed high-temperature heat coming from heat exchanger 2 and the inter-
cooler can be used to increase the temperature of the heat generated in electrolyzer.

In Case III, an additional heat exchanger is included at the station. As the heat of
compression is more significant than the reverse Joule-Thomson effect, the cooling
demand in heat exchanger 3 will be substantially larger when the compressor is uti-
lized in the refueling compared to when the reduction valve is used [13]. Including
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a heat exchanger after compressor 2 but prior to heat exchanger 3 will therefore
reduce the cooling demand considerably, and thereby decrease the required heat
input to the generator. Typically, this heat exchanger will cool the hydrogen down
to ambient conditions. By reducing the required heat input to the generator, the
generated waste heat which is available at the station may be sufficient to drive the
absorption refrigeration process1. Figure 4.2 shows the refueling section with the
heat exchanger included. The heat exchanger is referred to as heat exchanger 4.
Note that this heat exchanger only removes heat when compressor 2 is utilized,
and it will therefore not be considered as a possible heat source for the absorption
refrigeration process.

Figure 4.2: The direct compression refueling design with a heat exchanger fol-
lowing the compressor in the refueling section. The heat exchanger is referred to
as heat exchanger 4.

If still neither of the heat sources are able to drive the process alone, a combination
of Case II and III is applied in Case IV.

1.Assuming the temperatures of the heat are high enough.
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5 | Model development

This chapter is twofold. The first part introduces the model equations for the
different components in the direct compression refueling station including on-site
hydrogen production. In addition, a section describing the pressure control configu-
ration is included in this part. The second part explains the four cases for enabling
the absorption refrigeration process at the station. A simplified topology on which
the modeling of the station is based on is presented in Figure 5.1. More complex
topologies for each component will be given in the text where the component’s
model is developed.

Figure 5.1: The model topology for the hydrogen refueling station with direct
compression refueling design and on-site production. The black, blue and red lines
correspond to mass, work and heat flows, respectively.

Note that the buffer tank is not included in the topology as it is assumed to be at
steady state and thereby have no influence on the rest of the process. Generally

21



MODEL DEVELOPMENT

in the model development, the label Rstation refers to the rest of the station as
a reservoir and the label RW refers to the reservoir in which energy for work is
obtained.

5.1 General model assumptions
Some of the more general assumptions made during the modeling are listed below:

• Pressure losses in pipelines and across heat exchangers are neglected.

• Heat exchange in pipelines is neglected.

• There is no height difference between the components of the station. There-
fore, the gravitational potential energy is neglected.

• The velocities are small so the kinetic energy is also neglected.

• The hydrogen is well stirred within the tanks so that the distribution of
hydrogen is uniform. The tanks are thus modeled as lumped capacities.

• At the start of each refueling, the mass in the storage tank at the station and
the vehicle tank holds ambient temperature.

5.2 Generalized mass and energy balances
For a non-reacting open control volume with one component, the total mass balance
is

dm

dt
= ṁin − ṁout (5.1)

where dm/dt is the rate of accumulation of mass in the control volume, and ṁin

and ṁout are mass flows flowing in and out of the control volume, respectively.
At steady state, the accumulation term is equal to zero and the mass balance is
reduced to

ṁin − ṁout = 0 (5.2)
ṁin = ṁout =̂ ṁ (5.3)

where ṁ is the steady-state mass flow.

The total energy balance for a non-reactive open control volume can be written as

dUsys
dt

= Q̇− Ẇs + (ṁh)in − (ṁh)out (5.4)

where dUsys/dt is the rate of accumulation of internal energy in the control volume,
Q̇ is the rate of heat flow into the control volume, Ẇ s is the rate of shaft work
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performed by the control volume and hin and hout are the enthalpies of the in- and
outflow, respectively. Note that potential, kinetic and other energies have been
neglected. At steady state, the accumulation term will be zero. By substituting
the zero accumulation term and the steady-state mass balance (5.3) into Equation
5.4, the steady-state energy balance is found:

ṁ(hin − hout) = Ẇs − Q̇ (5.5)

A complete derivation of the energy balance from the first law of thermodynamics
is presented in Appendix A.

5.3 Electrolyzer
The total reaction for decomposition of water is:

H2O(l)→ H2(g) + 1
2O2(g) (5.6)

At standard conditions (25◦C and 0.1 MPa) this reaction is non-spontaneous. How-
ever, by passing a direct current between two electrodes separated by an electrolyte,
the decomposition will occur [9]. These two electrodes are called a cathode and
anode, and hydrogen gas will be produced at the former while oxygen gas will be
produced at the latter. The electrolyte in an alkaline electrolyzer is typically potas-
sium hydroxide (KOH). The reactions occurring at each electrode are as follows:

Cathode : 2H2O(l) + 2e− → H2(g) + 2OH−(aq)

Anode : 2OH−(aq)→ 1
2O2(g) + H2O(l) + 2e−

It is assumed that the operating pressure and temperature of the electrolyzer re-
main fixed, also during off-time.

5.3.1 Electrolyzer model
The topology of the electrolyzer is presented in Figure 5.2. Note that the supply
of water and removal of oxygen gas are not included in the topology. HXEL refers
to the internal heat exchanger in the electrolyzer, ṁEL,cw to the cooling water
entering the heat exchanger and ṁEL,hw to the hot water leaving after the heat
exchange has occurred. Rcw and Rhw refer to the corresponding cold and hot water
reservoirs.

The energy required to split one mole of water into hydrogen and oxygen is equal to
the change in enthalpy, ∆H, of the reaction, in other words the reaction enthalpy
[18]. This corresponds to the total amount of energy needed in a water electrolysis
process. However, due to electrical inefficiencies, heat is generated during an elec-
trolysis process [9]. The energy efficiency, ηel, describes how much of the electrical
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Figure 5.2: Electrolyzer topology. ṖEL and Q̇EL are the electrical energy input
and the heat removal rate in the electrolyzer, respectively. ṁ1 is the mass flow of
produced hydrogen. HXEL refers to the internal heat exchanger in the electrolyzer,
ṁEL,cw and ṁEL,hw refer to the cold water entering the heat exchanger and the
hot water leaving it, and Rcw and Rhw to their corresponding reservoirs.

power input (ṖEL) is used for producing hydrogen. The required electrical power
achieve a certain production rate of hydrogen (ṁEL) and can thus be expressed as

ṖEL = ṁEL∆rxHm

ηEL
(5.7)

where ∆rxHm is the reaction enthalpy [18]. The subscript m implies that the
enthalpy is on molar form. The reaction enthalpy is found from

∆rxHm(T, p) = ∆Hm,H2(T, p) + 1
2∆Hm,O2(T, p)−∆Hm,H2O(T, p) (5.8)

where ∆Hm,i(T, p) is the molar enthalpy at the specified temperature and pressure
for component i. The total differential of enthalpy can be used to find the enthalpy
of components at other temperatures and pressures than the tabulated standard
values. The differential as a function of temperature and pressure can be written
as

dH(T, p) = CpdT +
[
V − T

(∂V
∂T

)
p

]
dp (5.9)

where Cp is the constant pressure heat capacity [J/K] and V is the fluid volume.
The derivation of the temperature and pressure dependent differential is presented
in Appendix A. At the operating pressure (1.2 MPa) and temperature (90◦C) of
the electrolyzer, the hydrogen and oxygen gas can be approximated as ideal gases1.
By substituting the ideal gas law in Equation 5.9 it can be seen that the enthalpy of
an ideal gas is independent of pressure. Refer to Appendix A for the substitution.
Equation 5.9 can then be simplified. It is also assumed that the water remains in

1.Their compressibility factors are 1.0062 and 0.9982, respectively [2].
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liquid phase during the electrolysis. Liquid water is assumed to be incompressible,
hence the dependence of pressure is negligible. This implies that the enthalpies of
both the gases and the liquid are independent of the pressure. Thus, the enthalpy
calculations can be simplified:

dH(T, p) = CpdT (5.10)

Integration of this equation yields (on molar form):

∆Hm,i(T ) = ∆fH
o
m,i(Tref ) +

∫ T

Tref

Cp,m(T ) dT (5.11)

where ∆fHom,i is the molar formation enthalpy at a reference condition for compo-
nent i and Tref is the reference temperature. The heat capacity is assumed to be
independent of the temperature in the given temperature range. Thus, equation
5.11 can be simplified to:

∆Hm,i(T ) = ∆fH
o
m,i(Tref ) + Cp,m(T − Tref ) (5.12)

The heat generation in the electrolysis process (Q̇EL) can be expressed as:

Q̇EL = (1− ηEL)ṖEL (5.13)

5.4 Heat exchangers
There are three independent heat exchangers at the refueling station (excluding the
internal heat exchanger in the electrolyzer and the intercooler in compressor 1), and
they are all modeled in the same manner. Heat exchanger 1 and 2 both cool down
to the ambient temperature while heat exchanger 3 cools the hydrogen to -40◦C.

5.4.1 Heat exchanger model
The physical topologies of the heat exchangers are shown in Figures 5.3a, 5.3b and
5.3c. The model development is only given for heat exchanger 1, but is similar
for the other two. It is assumed that the heat exchangers are at steady state and
that there is no pressure drop across them. The amount of heat that needs to be
removed is calculated based on a specified outlet temperature of the hydrogen gas.
The heat removal rate can be obtained from the steady-state energy balance (5.5)
with the assumption that no work is performed (Ẇ s = 0):

Q̇HX1 = ṁ(h2 − h1) (5.14)

ṁ2 = ṁ1 =̂ ṁ because of the steady-state assumption. The outlet enthalpy will be
calculated from the specified outlet temperature and the outlet pressure by using
the equation of state. Due to no pressure drop, the outlet pressure is equal to the
inlet pressure. It will be assumed that the heat exchanger is capable of removing
the necessary amount of heat in order to reach the specified outlet temperature.
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(a) The topology of heat exchanger 1. ṁHX1,cw refers to the mass flow of cold water
entering the heat exchanger on the cold side, while ṁHX1,hw refers to the hot water
flow leaving. Rcw and Rhw refer to the cold and hot water reservoirs, respectively.

(b) The topology of heat exchanger 2. ṁHX2,cw refers to the mass flow of cold water
entering the heat exchanger on the cold side, while ṁHX2,s refers to the steam flow
leaving. Rcw and Rs refer to the cold water and steam reservoirs, respectively.

(c) The topology of heat exchanger 3. ṁNH3,liq refers to the mass flow of liquid NH3
entering the evaporator (E), while ṁNH3,vap refers to the vaporized NH3 flow leaving.
RC and RA refer to the condenser and absorber reservoirs, respectively.

Figure 5.3: The topologies of heat exchanger 1, 2 and 3. ṁ refers to the inlet
and outlet flows, h refers to the specific enthalpy of the corresponding flow and Q̇
refers to the heat removal rate. 26
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5.5 Compressors
There are two compressors in the direct compression design and both will be defined
as reciprocating compressors. The first compressor (compressor 1) is compressing
the hydrogen in two stages because of the high compression ratio (1.2 MPa to 30
MPa). The first stage will have a fixed compression ratio (i.e. pout/pin) of 5 while
the compression ratio of the second stage will vary depending on the pressure in
the storage tank. Between the two compression stages, there will be an intercooler
which refrigerates the hydrogen to the ambient temperature. Further, the mass
flow through the compressor will be constant. The reciprocating compressors are
modeled as continuous processes, however, in reality they are discontinuous. It is
assumed that the compressors have many pistons in each phase, thus resulting in
an almost continuous mass flow.

5.5.1 Compressor model
The physical topologies for compressor 1 and compressor 2 are presented in Fig-
ure 5.4 and Figure 5.5, respectively.

Figure 5.4: Topology of compressor 1 with the two compressor stages and the
intercooler. ẆC1−1 and ẆC1−2 are the work input in compression stage 1 and
2, respectively, while Q̇IC is the heat removal rate in the intercooler. ṁ2 and ṁ3
are the inlet and outlet flow of the compressor while ṁ2′ and ṁ2′′ are intermediate
flows before and after intercooling. h refers to the specific enthalpy of the flows.
On the cold side, ṁIC,cw refers to the cold water entering the intercooler and ṁIC,s

refers to the steam flow leaving. Rcw and Rs refers to the cold water and steam
reservoirs, respectively.
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Figure 5.5: Topology of compressor 2 where ẆC2 is the work input rate. ṁ5B
and ṁ6B are the inlet and outlet flows, and h5B and h5B are the specific enthalpies
of the inlet and outlet flow, respectively.

The following equations are presented for compressor 2, however, all equations
apply to compressor 1 as well. The difference is that the equations are applied
twice for compressor 1; once per stage. The intercooler is modeled by using the
same equation for a heat exchanger (Equation 5.14).

Q̇IC = ṁ(h2′′ − h2′) (5.15)

The compression process is assumed to be adiabatic (Q̇ = 0) and at steady state.
The steady-state energy balance (5.5) is therefore reduced to the following

ẆC2 = ṁ(h5B − h6B) (5.16)

where ṁ is the mass flow through the compressor, ẆC2 is the added shaft work
and h5B and h6B are the enthalpy of the in- and outflow, respectively. The required
work for the compression can thus be found from Equation 5.16. For compressor 1,
the performed work will be the sum of the work each compression stage carries out.

ẆC1 = ẆC1−1 + ẆC1−2 (5.17)

Since the compression is adiabatic, the specific entropy (s) remains constant during
the compression. That is

ds = 0 and s6B = s5B (5.18)

The outlet pressure (p6B) is known, and hence, the outlet enthalpy can be found
from the outlet entropy and pressure by using an equation of state. However,
the obtained enthalpy (h6B,is) is based on the assumption that the compression is
adiabatic. The real enthalpy of the outlet flow (h6B) can be found by using the
isentropic efficiency (ηis) in the following relationship [11]:

h6B − h5B = h6B,is − h5B

ηis
(5.19)

The isentropic efficiency is given by

ηis = 0.1091(ln r)3 − 0.5247(ln r)2 + 0.8577 ln r + 0.3727 (5.20)
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where r is the pressure ratio between the outlet and the inlet of the compressor
(p6B/p5B) [19]. This equation is valid for 1.1 < r < 5. When the real enthalpy is
obtained, the required compressor work can be calculated from Equation 5.16, and
the real outlet temperature (T6B) can be found by using the equation of state.

The capacity of the compressor, the mass flow ṁ5B , is calculated from

ṁ5B = ρ5BηvN2Vcyl,2 (5.21)

where ρ5B is the density of the inlet flow, ηv the volumetric efficiency, N 2 is the com-
pressor speed (piston strokes per second) and Vcyl,2 is the volume of the compressor
cylinder. The volumes of the compressor cylinders are calculated in Appendix B.
In reality, the piston does not travel all the way to the end of the cylinder; the gas
volume drawn into the cylinder is less than the given cylinder volume [11]. This is
because a clearance volume occurs between the piston and the cylinder head. The
cylinder clearance is defined as the ratio of the clearance volume to the cylinder
volume and will vary between 4% - 16% for standard cylinders [20]. The effect this
clearance has on compressor capacity is described by the volumetric efficiency. The
volumetric efficiency [%] decreases as the pressure ratio (r) increases and can be
expressed as

ηv = 100− r − c
[Z2

5B
Z2

6B
r

1
γ − 1

]
(5.22)

where c denotes the cylinder clearance, γ the ratio of specific heats of the inlet flow
(cp,5B/cv,6B) and Z the compressibility factor of the hydrogen gas [21].

5.6 Tanks
Only the storage and vehicle tanks are considered in the modeling phase as the
buffer tank is assumed to be at steady state. Both tanks are modeled as lumped
capacities. This means that the states are uniform in the control volume (e.g. the
temperature is similar throughout the whole tank).

5.6.1 Storage tank model
The topology of the storage tank can be seen in Figure 5.6.

Figure 5.6: The topology of the storage tank where UST is the conserved internal
energy and mST is the conserved mass in the control volume. ṁ4 and ṁ5A/B are
the inlet and outlet flows, respectively, and h4 and hST their corresponding specific
enthalpies.
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For simplicity, the outlet flow will be referred to as ṁ5. The storage tank undergoes
charging and discharging at the same time, thus the mass balance remains the same
as in Equation 5.1.

dmST

dt
= ṁ4 − ṁ5 (5.23)

The tank volume is constant (dV/dt = 0) and no shaft work is performed (Ẇ s = 0).
In addition, it is assumed that the storage tank is large such that the temperature
in the tank is close to the ambient temperature. Therefore, it is assumed that there
is no or negligible little heat exchange between the tank and the environment, hence
Q̇ = 0. The energy balance (5.4) is then reduced to:

dUST
dt

= (ṁh)4 − (ṁh)5 (5.24)

The inlet enthalpy, h4, is the enthalpy of the inlet flow and is independent of the
state in the tank. Conversely, the enthalpy of the outlet flow, h5, is generally not
constant since the state inside the system changes continuously [22]. However, it is
assumed that the state in the control volume is uniform, hence the specific enthalpy
at the boundary, h5, is equal to the enthalpy in the tank, hST :

dUST
dt

= ṁ4h4 − ṁ5hST (5.25)

5.6.2 Vehicle tank model
The vehicle tank topology is presented in Figure 5.7.

Figure 5.7: The vehicle tank topology where UV T is the conserved internal energy
and mV T is the conserved mass in the control volume. ṁ7 and h7 are the inlet
mass flow and specific enthalpy of that flow, respectively.
The inside of the tank walls is chosen as the boundary for the system. Since the
vehicle tank is only considered during filling, there is no outflow of the tank. Hence
ṁout = 0, and the mass balance can be written as:

dm

dt
= ṁ7 (5.26)

It is assumed that the filling is fast and hence adiabatic, that is, Q̇ = 0. In addition,
similar to the storage tank the volume of the tank is constant, dV/dt = 0 and no
shaft work crosses the boundary, Ẇ s = 0. This reduces the energy balance (5.4)
to:

dUsys
dt

= (ṁh)7 (5.27)

Similar to the storage tank, the inlet enthalpy is the enthalpy of the inlet flow, ṁ7.
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5.7 Reduction valve

The reduction valve topology can be seen in Figure 5.8.

Figure 5.8: The reduction valve topology. ṁ5A and ṁ6A are the inlet and outlet
mass flows, and h5A and h6A are the corresponding specific enthalpies of the flows.
h5A = h6A since the expansion is isenthalpic.

It is assumed that the expansion through the valve is irreversible and adiabatic
(Q̇ = 0). There is no shaft work during the expansion: Ẇ s = 0. The energy
balance for a steady-state process (5.5) can then be reduced to

Ẇs = ṁ(h5A − h6A) = 0 (5.28)
h5A = h6A (5.29)

where ṁ6A = ṁ5A =̂ ṁ because of the steady-state operation. As can be seen from
the equation, the enthalpy is fixed during the expansion. Hence, the expansion is
isenthalpic and the outlet enthalpy is known. Since the outlet enthalpy and pres-
sure are known, the outlet temperature can easily be calculated.

The mass flow, ṁ5A, through the reduction valve is given by

ṁ5A = ρ5ACv

√
p6A − p5A

ρ5A
(5.30)

where ρ5A is the density of the hydrogen gas, Cv is the valve coefficient and p6A
and p5A are the outlet and inlet pressures, respectively. Since pressure losses in
pipelines and heat exchangers are neglected, the outlet pressure of the reduction
valve is equal to the pressure in the vehicle tank. That is, p6A = pV T . The inlet
density is equal to the density in the storage tank: ρ5A = ρST .

5.8 Control strategy

The refueling is controlled by the average pressure ramp rate set by the SAE TIR
J2601. Thus, a controller adjusting the pressure rise in the vehicle tank (i.e. the
pressure rise at the nozzle) is required. Since both a reduction valve and a com-
pressor are utilized during a refueling, two controllers are necessary. The control
configuration is shown in Figure 5.9.
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Figure 5.9: The pressure control configuration in the refueling section. The
APRR is set at the dispenser nozzle, however, this corresponds to the pressure
in the vehicle tank due to the assumption of no pressure loss in the system.

The pressure rise is controlled by changing the mass flows through either the valve
or the compressor depending on which process line being utilized. The reduction
valve controller changes the mass flow by manipulating the valve coefficient (Cv)
directly. This correlates to the opening percentage of the valve. Note that satura-
tion limits have not been considered for the valve. The compressor controller alters
the mass flow by manipulating the compressor speed (N2).

The pressure rise during the refueling of the vehicle tank is an integrating pro-
cess. According to the Simple2 Internal Model Control (SIMC) tuning rules, the
controllers should be proportional-integral (PI) controllers3 [23]. The general equa-
tion for a digital PI controller in time domain is given as [24]

uk = ū+Kc

[
ek + ∆t

τI

k−1∑
j=1

ej

]
(5.31)

where

uk is the controller output at the kth sampling instant for k = 1,2...

ū is the bias value of the controller output.

ek is the error (offset from set point) at the kth sampling instant.

∆t is the sampling period.

Kc is the controller gain.

τI is the integral time constant.

2. Simple or Skogestad.
3. These controllers are included to make the model comply the APRR. In reality, a more advanced
control system is required for the compressor.
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Accordingly, the control equations for the reduction valve and compressor con-
trollers are as follows:

Cv,k = Cov +Kc,RV

[
ek + ∆t

τI,RV

k−1∑
j=1

ej

]
(5.32)

N2,k = No
2 +Kc,C2

[
ek + ∆t

τI,C2

k−1∑
j=1

ej

]
(5.33)

The error is defined as

ek = pSP,k − pk (5.34)

where pSP,k is the set point and pk the measured pressure in the vehicle tank at the
kth sampling instant. The controller bias for the reduction valve controller (Cov) is
predefined for each refueling. The bias for the compressor controller is calculated
based on the mass flow through the valve at the time of the switch from valve flow
to compressor flow.

5.8.1 Controller tuning
The SIMC tuning rules are used for tuning the controllers. Both processes are
approximated with integrating models

G(s) = k′e−θs

s
(5.35)

where k′ is the process gain (or slope of integrating response) and θ is the process
time delay. The SIMC tuning rules for an integrating process are as follows

Kc = 1
k′

1
τc

(5.36)

τI = 4(τc + θ) (5.37)

where Kc is the controller gain, τc the desired closed-loop time constant and τI the
integral time constant. The desired closed-loop time constant can be chosen freely.
However, the optimal value is determined by a trade-off between output perfor-
mance and robustness [25]. The former is denoted tight control and corresponds
to a fast response and good disturbance rejection. Tight control is favored by a
small τc, and the "tightness" of the controller can be quantified by the magnitude
of the error (e). The latter refers to smooth control, results in good robustness and
is favored by a large τc. As the set point of the pressure will change continuously
(i.e. a ramp) during a refueling, a fast controller is preferable; thus having a small
value of τc.
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5.9 Absorption refrigeration at the station
Section 4.4 presented the possible heat sources for the absorption refrigeration pro-
cess. These include the internal heat exchanger in the electrolyzer (Q̇EL), heat
exchanger 1 (Q̇HX1), the intercooler in compressor 1 (Q̇IC) and heat exchanger 2
(Q̇HX2). Heat exchanger 1, however, is not considered as neither the heat amount
nor the temperature of the heat will be sufficient. Additionally, Section 4.4 pre-
sented four cases that will be considered in this thesis. The modeling and calcula-
tion of these are given below.

5.9.1 Assumptions
The following assumptions were made in the modeling:

• The inlet temperature of the cooling water is equal to the ambient tempera-
ture.

• The outlet temperature of the cooling water is equal to the inlet temperature
of the flow being cooled (countercurrent heat exchange)4.

• The steam used for heat transfer to the generator is saturated at the driving
temperature.

• The coefficient of performance remains constant also during partial load op-
eration5.

• The pressure is the same through the cooling system and corresponds to the
pressure that provides saturated steam at the required driving temperature
of the generator.

• Resistance to heat transfer is neglected.

5.9.2 Case I
The heat removed by the considered heat exchangers are found in Section 5.4 and
Section 5.5.

5.9.3 Case II
Figure 5.10 illustrates how the waste heat from the intercooler and heat exchanger 2
can be utilized to increase the temperature of the waste heat generated in the
electrolyzer unit to the required temperature (Treq). The black, purple and blue
lines correspond to steam, hot water and cold water flows, respectively, while the
red lines correspond to heat flows. T ocw refers to the temperature of the inlet cooling
water and is always similar to the ambient temperature. The cooling water flows

4.This assumption does not apply for heat exchanger 3 as a pinch temperature of 5◦C is assumed.
5.According to [15], a partial load operation down to 20% of the maximum load is possible with
nearly constant coefficient of performance.
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entering the intercooler and heat exchanger 2 (ṁIC and ṁHX2) are vaporized
during the heat exchange with the hot hydrogen gas. The steam flows leaving
these heat exchangers are mixed, forming a new flow (ṁHX). This flow, having
a temperature of THX , is used to increase the temperature of some of the hot
water (ṁreq) coming from the internal heat exchanger in the electrolyzer. The
hot water, holding a temperature of TEL, is heated up to and vaporized at the
required temperature, Treq. The flow, now saturated steam, then transfers heat to
the generator (Q̇G), denoted G in the figure.

Figure 5.10: Illustration of how to increase the temperature of the low-
temperature heat coming from the electrolyzer (Q̇EL) with the high-temperature
heat removed in the intercooler (Q̇IC) and heat exchanger 2 (Q̇HX2). ṁHX is the
mass flow of the combined flows of the intercooler and heat exchanger 2 (ṁIC and
ṁHX2), ṁEL is the available mass flow of hot water in the electrolyzer and ṁreq

is the required mass flow of hot water to be heated up to the required temperature
(Treq). T ocw refers to the inlet temperature of the cooling water, TEL to the tem-
perature of the hot water exiting the electrolyzer and THX to the temperature of the
mixed steam flows. The black, purple and blue lines correspond to steam, hot water
and cold water flows while the red lines correspond to heat flows.

It is assumed that all heat exchange operations are at steady state. The energy
balance for a heat exchanger has been applied in the calculations:

Q̇ = ṁ(hout − hin) (5.38)

Q̇ is the rate of heat transferred, ṁ is the mass flow of either steam or water, hout
and hin are the outlet and inlet enthalpy, respectively. The data for saturated
steam is given in Appendix C.
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Generator

The required heat input to the generator is calculated from

Q̇G = Q̇E
COP = Q̇HX3

COP (5.39)

where Q̇HX3 is the cooling demand in heat exchanger 3. The mass flow of saturated
steam (ṁreq) necessary to deliver this amount of heat can then be calculated from
Equation 5.38. The COP is found from Table 4.2 based on the temperature of the
cooling water.

Electrolyzer

First, the flow of cooling water passing through the internal heat exchanger in
the electrolyzer (ṁEL) is calculated in order to see whether the flow is sufficient
compared to the required flow (ṁreq). This is found by using the heat removed from
the electrolyzer (Q̇EL) with Equation 5.38. Then, the heat (Q̇HX|EL) required to
heat up and vaporize the hot water at the required temperature (Treq) is found
using the same equation.

Heat exchanger 2 and intercooler

The cooling water enters both heat exchangers holding ambient temperature, but
exits as steam. By using the heat removal rates of the heat exchangers (Q̇IC and
Q̇HX2), the available mass flows of the steam can be calculated (ṁIC and ṁHX2).
These outlet flows are mixed, forming a new flow, ṁHX,act. The subscript act
refers to the actual mass flow. The new mass flow is found from:

ṁHX,act = ṁIC + ṁHX2 (5.40)

The properties of the new flow can be found from the steady-state energy balance
given in Equation 5.5. No shaft work or heat transfer occur during the mixing, and
the equation is therefore reduced to

hHX = hHX2 + hIC (5.41)

where hHX , hHX2 and hIC are the specific enthalpies of the mixed flow, the outlet
flow from heat exchanger 2 and the outlet flow of the intercooler, respectively.
The heat required to generate the necessary amount of steam (Q̇HX|EL) is used
to calculate the required mass flow of the mixed flow (ṁHX,req). This flow is then
compared to the actual flow (ṁHX,act) to see whether the actual flow is sufficient
to produce the necessary amount of saturated steam at the required temperature.

5.9.4 Case III
The topology of the compressor process line when heat exchanger 4 is included is
shown in Figure 5.11. A new intermedate flow, ṁ5B′ , is introduced.
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Figure 5.11: The topology of the compressor line when heat exchanger 4 is in-
cluded. ẆC2 is the work input to the compressor and Q̇HX4 is the heat removal
rate. ṁ5B is the inlet flow to compressor 2, ṁ5B′ is the intermediate flow between
the two components and ṁ6B is the outlet flow of heat exchanger 4. h refers to the
specific enthalpies of the flows.

The rate of the heat removal (Q̇HX4) is calculated from Equation 5.38 as the mass
flow ṁ5B is known.

5.9.5 Case IV
The approaches presented for Case II and Case III are applied together in Case IV.
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6 | Model implementation

The previous chapter introduced the model equations for each component at the re-
fueling station. The system of model equations consists of both ordinary differential
equations (ODEs) and algebraic equations and constitutes therefore a differential
algebraic equation (DAE) system. The DAE system is of the form

dx

dt
= f(v) (6.1)

v = g(y,u) (6.2)
y = h(x) (6.3)
u = j(y) (6.4)

where x is the vector of conserved quantities (i.e. primary states), v is the vector
of transport quantities (i.e. mass flows), y is the vector of secondary states and u
is the vector of controller output (i.e. manipulated variables). The primary states
consist of internal energy and mass, while the secondary states include pressure,
temperature, density and specific enthalpy. Figure 6.1 presents a block diagram of
the computation scheme. A description of each block follows below. The MATLAB
script is presented in Appendix G.

6.1 Initiation
Initiation is performed once per simulation. The variables that can be specified
before a refueling simulation are summarized in Table 6.1. These correspond to
variables that typically will vary between refuelings.

Table 6.1: Variables that can be specified before a refueling.
Variable Unit Description

pV T MPa Pressure in vehicle tank
Tamb K Ambient temperature

These variables belong to the secondary states. The remaining secondary states
and the initial primary states are calculated from the specified variables and other
predefined parameters by using the equation of state.
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Figure 6.1: The computation scheme presented as a block diagram. x is the vector
of conserved quantities (primary states), v is the vector of transport quantities, y
is the vector of secondary states and u is the vector of controller output.

6.2 Transport

The mass flows in the station are induced either by the pressure difference across
the reduction valve or by the work input to the compressors. The mass flow in the
production section is set by compressor 1 (ṁ2). The two heat exchangers (1 and
2) and compressor 1 are at steady state, implying:

ṁ1 = ṁ2 and ṁ4 = ṁ3 = ṁ2

For the refueling section, there are two options for mass transport: 1) the reduction
valve (ṁ5A), and 2) compressor 2 (ṁ5B). Since both the compressor, reduction
valve and heat exchanger 3 are operating at steady state, the remaining mass
flows are given automatically by one of the two transport equations presented in
Section 5.5 and Section 5.7.

ṁ6A = ṁ5A and ṁ6B = ṁ5B (6.5)

The governing transport equation for in the refueling section depends on the pres-
sure difference between the two tanks. At first, the mass flow is induced by the
pressure difference across reduction valve, however, when the pressure difference
reaches a certain minimum limit, ∆pswitch, the station switches to the compressor.

ṁ7 =
{
ṁ5A, pvt < pst −∆pswitch
ṁ6A, pvt > pst −∆pswitch

(6.6)
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The transport vector for the station can be expressed as

v =
[
ṁ4

ṁ7

]
(6.7)

(6.8)

or

v = g(y,u) (6.9)

since the mass flows are dependent on the secondary states (y) and the manipu-
lated variables (u).

The required compressor work (Ẇ ) for the two compressors, the power input (ṖEL)
in the electrolyzer and the heat removal (Q̇) in the electrolyzer and the heat ex-
changers will also be calculated in this block. Since the refueling station switches
from the reduction valve to the compressor when the pressure drop across the re-
duction valve has reached a certain limit, the outlet pressure of the compressor
will at first be lower than the inlet pressure. Because the pressure drop limit is
low (0.5 - 1 MPa), the outlet pressure has been set equal to the inlet pressure in
order to avoid negative work in the compressor model. This, however, occurs over
a very short time frame as the defined pressure rise per second is approximately
0.5 MPa/s.

6.3 Conservation principles

The dynamic equations derived in Section 5.6 imply that the internal energy (U )
and the mass (m) are the primary states of the system. The system of ODEs can
be expressed as:

dmST
dt

dUV T
dt

dmV T
dt

dUV T
dt

 =


ṁ4 − ṁ7

ṁ4h4 − ṁ7hST

ṁ7

ṁ7h7

 =


1 −1

h4 −hST

0 1

0 h7


ṁ4

ṁ7

 (6.10)

Generally, this can be written as

dx

dt
= f(v) = F v (6.11)

where F is the incidence matrix providing the flow directions and v the vector of
transport quantities.
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6.3.1 Integrator
An explicit Euler integrator has been implemented to solve the energy and mass
balances of the storage and vehicle tanks. The explicit Euler method for the mul-
tivariable ordinary differential equation

dx

dt
= f(v) (6.12)

is given in equation 6.13,

x(k + 1) = x(k) + ∆tf(v(k)) (6.13)

where k represents the kth discrete time step of the integration and ∆t is the
integration step size [26].

6.4 State transformations
The secondary states are a result of the "new variables" being introduced by the
transport relations presented in Section 6.2 [27]. It is therefore necessary to provide
links from the secondary states and back to the primary states. These so-called
links are denoted state transformations and can be described as:

y = h(x) (6.14)

State transformations in this system are provided through the relationship between
mass, density and volume as well as an equation of state. The mass, density and
volume relationship (at constant volume) is given as

ρ = m

V
(6.15)

where ρ is the density, m is the mass in the tank and V is the tank volume. The
equation of state is explained more in detail below.

6.4.1 Equation of state
At low pressures, hydrogen gas can be considered as an ideal gas. However, at the
high pressures reached at the refueling station, the compressibility factor (Z) of hy-
drogen implies that a real gas equation is required to determine the thermodynamic
properties. For instance, at a pressure of 70 MPa and a temperature of 25◦C, the
compressibility factor is approximately 1.45 [2]. The thermodynamic properties of
the hydrogen gas are therefore found using a free, open-source property database
named CoolProp [2].

The equation of state applied for molecular hydrogen can be found in [28]. The
EOS is explicit in the reduced Helmholtz free energy (α)

α(τ, δ) = a(T, ρ)
RT

(6.16)
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where a is the specific Helmholtz free energy, R the gas constant, τ the reciprocal
reduced temperature and δ the reduced density. The last two are given as

τ = Tc
T

(6.17)

δ = ρ

ρc
(6.18)

where the subscript c refers to a critical-point property. The reduced Helmholtz free
energy can be expressed as a sum of two parts: 1) the residual contribution (αr),
and 2) the ideal-gas contribution (αig):

α = αr + αig (6.19)

The ideal-gas contribution is found from nonlinear regression of calculated ideal-
gas heat capacity data from the literature while the residual contribution is found
from nonlinear regression of experimental thermodynamic data. This is thoroughly
explained in [2] and [28]. When the value of the reduced Helmholtz free energy
is calculated, other thermodynamic properties can be obtained through analytical
derivatives of the αr and αig terms [2].

The desired thermodynamic property is obtained using the Props command. An
example where the density (’D’) of molecular hydrogen (’H2’) at a temperature
(’T’) of 25◦C (298 K) and a pressure (’P’) of 0.1 MPa (100 kPa) is obtained is
shown below.

1 D = Props(’D’, ’T’, 298, ’P’, 100, ’H2’)

Table 6.2 shows the valid sets of input values for the Props command. D refers to
density and H and S correspond to the specific enthalpy and entropy, respectively.

Table 6.2: The sets of input values which are valid for the Props command.
D refers to density and H and S correspond to the specific enthalpy and entropy,
respectively.

Input 1 Input 2

T P

T D

P D

H P

S H

T S

In each time step, the model calculates the new primary states of the system. As
the primary states are internal energy and mass (which is converted to density by
the relationship given in Equation 6.15), the available set of inputs, U and D, is
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not valid according to Table 6.2. The Props command can therefore not be used
directly. However, this can be solved with MATLAB’s fsolve-function by iterating
on the difference between the known internal energy and the internal energy found
using the Props command as a function of the known density and an unknown
variable, for instance the temperature. Then, the temperature and density value
set can be used to find the remaining thermodynamic properties.

6.5 Control
As discussed in Section 5.8, it is necessary to implement two pressure controllers.
That is, one controller for each process line. For the reduction valve, the controller
will manipulate the mass flow by adjusting the valve coefficient (Cv) directly. In the
compression line, the mass flow will be manipulated by changing the compressor
speed (N2). This can be summarized as:

u =
{

[Cv 0 ]T , pvt < pst −∆pswitch
[ 0 N2 ]T , pvt > pst −∆pswitch

(6.20)

44



7 | Results and discussion:
Model behavior

This chapter presents the general behavior of the model. All simulations will be
run with an ambient temperature of 15◦C. Both a refueling of a vehicle tank and
a refilling of the storage tank are presented. A case where only the compressor in
the refueling section is utilized in the refueling is also included. Additionally, the
effect of an additional heat exchanger in the compression line has been examined
(i.e. Case III). Finally, in order to ensure that the model is working for other
conditions as well, the impact of different ambient temperatures and initial vehicle
pressures is investigated. In each section, the model behavior for a specific case
will be presented followed by a discussion.

7.1 Model parameters and controller settings
The controller settings for the two pressure controllers are given in Table 7.1.
The process models used for tuning are obtained in Appendix D. In addition, the
performance of controller settings achieved from different τcs is also presented in
Appendix D.

Table 7.1: Controller settings for the reduction valve and compressor controllers.
τc is the desired closed-loop time constant, Kc the controller gain and τI the integral
time constant.

Parameter Reduction valve Compressor

τc 0.5 2
Kc 1.105×10−5 6.494
τI 2 8

The model parameters are presented in Table 7.2. Note that the initial temperature
in both tanks is assumed to be similar to the ambient temperature. In addition, all
heat exchangers except for heat exchanger 3 cool down to the ambient temperature.
Appendix B presents capacity calculations for the two compressors.
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Table 7.2: Model parameters used in the simulation. The first two parameters
may vary from refueling to refueling.

Parameter Description Value

Tamb Ambient temperature [◦C] 15
poV T Initial pressure in vehicle tank [MPa] 2
VV T Volume of vehicle tank [m3] 0.172
T oV T Initial temperature of vehicle tank [◦C] 15
pEL Operating pressure in electrolyzer [MPa] 1.2
TEL Operating temperature in electrolyzer [◦C] 90
ηEL Electrolyzer efficiency 0.5
Vcyl,1 Compressor 1 cylinder volume [m3] 2.3 ×10−3

Vcyl,2 Compressor 2 cylinder volume [m3] 3.1×10−4

c Compressor cylinder clearance [%] 10
THX1 Outlet temperature heat exchanger 1 [◦C] 15
THX2 Outlet temperature heat exchanger 2 [◦C] 15
TIC Outlet temperature of intercooler in compressor 1 [◦C] 15
THX3 Outlet temperature heat exchanger 3 [◦C] -40
poST Initial pressure in storage tank [MPa] 30
VST Volume of station storage tank [m3] 3
T oST Initial temperature of storage tank [◦C] 15
∆pswitch Pressure difference at which switch occurs [MPa] 0.5
Cov Reduction valve controller bias [m2] 2×10−6

No
2 Initial compressor controller bias1 [1/s] 0

1. Initially, the compressor is off. When the switch occurs, the controller bias for the compressor is
calculated based on the current mass flow through the reduction valve.
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7.2 Behavior during refueling
Based on the ambient temperature, the initial pressure and the vehicle tank capac-
ity (1-7 kg) the APRR and the target pressure are found from the look-up tables in
J2601 and are 0.47 MPa/s and 72.6 MPa, respectively [4]. The target pressure is
reached within 150.1 seconds, and the state of charge (SOC) is then 89.63%. The
switch from the reduction valve to the compressor occurs after 56.1 seconds.

The pressure evolution in the storage tank and vehicle tank is presented in Fig-
ure 7.1a. Due to the assumption of no pressure loss in the station, the remaining
pressures in the system are similar to the pressure either in the storage tank, the
vehicle tank or the electrolyzer and are therefore not included. The operating pres-
sure of the electrolyzer is fixed at 1.2 MPa during the whole refueling and is also
not included. Figure 7.1b shows the pressure rise in the vehicle tank around the
time of the switch from the reduction valve to the compressor.

The temperature evolution in the electrolyzer, storage tank, vehicle tank and at
the outlet of the reduction valve/compressor 2 is given in Figure 7.2a. The outlet
temperature of compressor 1 along with the temperature after the first compression
stage in compressor 1 are included in a separate figure since these temperatures
are significantly higher than the other temperatures at the station. This figure is
referred to as Figure 7.2b.

The mass flows in the production section and the refueling section are presented in
Figure 7.3. The cooling demands in heat exchanger 1, 2 and 3 and the intercooler
are shown in Figure 7.4. The cooling demand of the internal heat exchanger in the
electrolyzer is fixed throughout the refueling and is not included in the figure. The
magnitude of the cooling demand is 2395 kW. Figure 7.5 shows the compressor
work performed by compressor 1 and compressor 2 during a refueling. Similar to
the cooling demand in the electrolyzer, the electrolyzer power input is fixed during
the refueling as well. The power input is 4790 kW.
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(a) The pressure evolution during a refueling in the storage tank
and vehicle tank along with the average pressure ramp rate.
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(b) The pressure rise in the vehicle tank around the time of the
switch from the reduction valve to the compressor.

Figure 7.1: Pressure evolution at the station during a refueling and at the time
of the switch from the reduction valve to the compressor.
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(a) The temperatures in the electrolyzer and storage and vehicle
tanks along with the outlet temperature of the reduction valve/-
compressor 2.
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(b) The temperature after the first and second (i.e. outlet) com-
pression stage in compressor 1.

Figure 7.2: Temperature evolution in the station during a refueling.
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Figure 7.3: The mass flows in the refueling and production section. The mass
flow in the production section is induced by compressor 1 while the mass flow in
the refueling section is induced by either the reduction valve or compressor 2.
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Figure 7.4: The cooling demand in heat exchanger 1, 2, 3 and the intercooler in
compressor 1.

50



RESULTS AND DISCUSSION: MODEL BEHAVIOR

0 20 40 60 80 100 120 1400

20

40

60

80

Time [s]

C
om

pr
es
so
r
w
or
k
[k
W

]

Compressor 1
Compressor 2

Figure 7.5: The compressor work in compressor 1 and compressor 2 during a
refueling.

7.2.1 Discussion
Figure 7.1a presents the pressure evolution in the two tanks at the station. The
pressure in the storage tank decreases during the refueling as mass is leaving the
tank. However, the pressure decrease is very modest as mass is also added to the
storage tank by compressor 1 in the production section. The pressure in the vehi-
cle tank increases according to the APRR, and the target pressure is reached after
150.1 seconds. From Figure 7.1b, it can be seen that the deviation from the APRR
increases as the switching limit approaches. This occurs because the pressure dif-
ference across the reduction valve is not sufficient to maintain the APRR anymore.
However, the largest deviation is 0.7% and hence within the deviation allowance
set by the J2601 (10%). Except for this deviation, the pressure follows the APRR
tightly.

In the model, the pressure losses in pipes and across components (except for the
reduction valve) have not been considered. In order to see whether this assump-
tion is reasonable, simple pressure loss calculations have been performed for the
pipes in the refueling section. This section was selected as it has the largest mass
flow and seemingly the highest pressure losses. The calculations are presented in
Appendix E. Pressure losses during a refueling were found for the pipe segments be-
tween: 1) the storage tank and the reduction valve/compressor, and 2) the valve/-
compressor and heat exchanger 3. Two different inner pipe diameters were used in
the calculations (0.01 and 0.008 m). For the second pipe segment considered (i.e.
between the valve/compressor and the heat exchanger), the pressure loss at the
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start of the refueling is significantly high (0.6 MPa/m for a diameter of 0.01 m and
1.8 MPa/m for a diameter of 0.008 m). This is because of the large initial mass
flow induced by the reduction valve. As the refueling proceeds and the mass flow
decreases, the pressure loss in the pipe declines rapidly. The initial pressure loss
in the first pipe segment is small compared to that of the second pipe segment.
Similar in both pipe segments is that the pressure losses are quite low at the end
of the refueling. Nevertheless, the high initial pressure losses in the second pipe
segment indicate that the pressure losses at the station cannot be neglected. In ad-
dition, these calculations were only performed for pressure losses in a straight pipe.
Typically, the pipes will have bends and also include several additional components
such as mass flow meters and valves. These components will also contribute to the
pressure losses occurring during a refueling. Furthermore, there will also be a pres-
sure loss in the vehicle. This pressure loss depends on the vehicle type, and is not
allowed to exceed 20 MPa [4] [5]. Such high pressure losses will have a great impact
on the refueling in terms of mass flow and refueling time and should therefore be
included in the model.

The temperature evolution in the station is given in Figure 7.2a and Figure 7.2b.
In the electrolyzer, the temperature is kept fixed at 90◦C during the refueling by
the internal heat exchanger. From Figure 7.2b, it can be seen that the temperature
after the first compression stage in compressor 1 is also fixed. This is because the
compression ratio in the first stage is constant. The outlet temperature of compres-
sor 1 (i.e. after the second compression stage), on the other hand, decreases as the
refueling proceeds. As was discussed in the previous paragraph, the pressure in the
storage tank decreases, and thereby, the compression ratio in the second stage will
also decrease. A smaller compression ratio results in a lower outlet temperature.

Figure 7.2a shows that the temperature in the storage tank decreases during the re-
fueling. As mass is leaving the tank, the remaining gas expands due to a reduction
in pressure. This expansion is reversible and adiabatic (i.e. isentropic). Contrary
to the Joule-Thomson effect where the enthalpy is fixed, the entropy is constant in
this case, and the temperature will decrease. In addition to the hydrogen leaving
the tank, there is also some hydrogen entering the tank. Since more hydrogen is
leaving than entering, the hydrogen flowing into the tank will not have a big impact
as there will be no compression of the hydrogen already in the tank. Additionally,
the hydrogen holds a constant temperature upon entering (i.e. ambient tempera-
ture).

In the modeling phase it was assumed that the temperature in the storage tank
would remain close to ambient temperature during a refueling. At the end of the
refueling, the temperature in the storage tank is 8◦C. The temperature difference
between the surroundings and the contents of the tank is small (7◦C). Hence, the
assumption about no or very little heat transfer with the surroundings is a good
assumption and will not have a big effect on the results when considering a single
refueling. If a case where several vehicles refuel in a row is to be investigated,
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however, it may be necessary to implement heat transfer between the storage tank
and the surroundings. This is because, during several refuelings in a row, the tem-
perature in the tank will continue to decrease and the temperature difference to
the surroundings will increase.

When the gaseous hydrogen is expanded through the reduction valve, the tem-
perature increases due to the reverse Joule-Thomson effect. As the refueling con-
tinues, however, the outlet temperature of the valve decreases. This is because the
pressure difference across the valve is reduced as the pressure in the vehicle tank
is increasing and pressure in the storage tank is decreasing. The station switches
from the reduction valve to the compressor at 56.1 seconds. The pressure differ-
ence across the reduction valve is then 0.5 MPa. Figure 7.2a shows that the outlet
temperature of the compressor is significantly higher than that of the reduction
valve. This occurs because the heat of compression is more significant than the
reverse Joule-Thomson effect. As the refueling proceeds, the outlet temperature
increases greatly because of the increasing compression ratio between the storage
tank and the vehicle tank. During the modeling process, it was assumed that the
compression is adiabatic. In reality, there will be a heat transfer from the compres-
sor to the surroundings due to the high temperatures achieved in the compression.
Hence, the outlet temperature of the compressor will be lower, and thereby also the
cooling demands in the heat exchangers associated to the compressors. According
to [12], however, this heat loss is typically 5% or less. Therefore, this assumption
does not have a big impact on the obtained results.

The temperature in the vehicle tank increases rapidly the first 10 seconds of the
refueling before it levels out and continues to increase with an almost fixed slope.
The reason for this behavior is that the mass flow is considerably higher at the
beginning of the refueling thus resulting in a larger heat of compression in the
tank. In the modeling, it has been assumed that the filling is adiabatic. That is,
it is assumed that no heat transfer to the surroundings will take place during the
refueling time. However, the refueling lasts for 150.1 seconds and the final tem-
perature in the tank is 75◦C. Because of the long refueling time and the high final
temperature, some heat will be dissipated to the tank walls and into the surround-
ings. Hence, the model will overestimate the final temperature during a refueling.
This implies that the state of charge is underestimated as a higher temperature will
result in a lower density. Therefore, heat exchange between the vehicle tank and
the surroundings should be included in the model in order to make it more realistic.

Figure 7.3 shows the mass flows in the production and refueling sections. In the
production section, the mass flow is induced by compressor 1 and is fixed. The
mass flow in the refueling section, on the other hand, varies during the refueling.
At the beginning of the refueling when the reduction valve is utilized, the mass flow
declines almost constantly towards the time of the switch. The decline is due to the
decreasing pressure difference across the reduction valve, resulting from discharg-
ing the storage tank and charging the vehicle tank. Right before the point of the
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switch, the mass flow declines rapidly. This occurs because the pressure difference
across the valve is no longer sufficient to keep up the necessary mass flow for main-
taining the APRR. The deviation of the storage tank pressure from the APRR in
Figure 7.1b is a result of this rapidly declining mass flow. At the switch, however,
the mass flow increases as the compressor starts working. The large increase is to
compensate for the low mass flow rate right before the switch. After the switch, the
mass flow decreases rapidly for a couple of seconds before establishing a constant
decline rate. This decline is a result of the reduced compressibility of the hydrogen
gas in the vehicle tank as the pressure increases.

Figure 7.4 presents the cooling demands of the heat exchangers at the station
(excluding the internal heat exchanger in the electrolyzer). The cooling demand in
heat exchanger 1 is constant during the refueling because: 1) the operating tem-
perature of the electrolyzer is fixed, 2) the heat exchanger cools the hydrogen down
to the ambient temperature (which is also fixed during the refueling) and 3) the
mass flow in the production section is constant. The heat exchanger following the
first compression stage in compressor 1 (i.e. the intercooler), operates also with
a constant cooling demand. This is due to the fixed mass flow and compression
ratio of the first stage which result in a constant outlet temperature as shown in
Figure 7.2b. Heat exchanger 2, however, does not have a constant cooling demand.
The inlet temperature of heat exchanger 2 is the outlet temperature of compres-
sor 1 which varies during the refueling as was discussed above. However, as can
be seen from Figure 7.4, this variation is very small compared to the variation in
the cooling demand of heat exchanger 3. When the reduction valve is utilized , the
cooling demand curve in heat exchanger 3 is similar to the mass flow curve for the
reduction valve. The cooling demand decreases towards the switch, and around
the switch, the cooling demand is significantly lower than it was at the start of the
refueling. This is because the outlet temperature of the reduction valve decreases
due to the decreasing pressure difference across the valve.

When the compressor starts, the cooling demand increases considerably. As men-
tioned before, this occurs because the heat of compression is more significant than
the reverse Joule-Thomson effect. The cooling demand curve for when the com-
pressor is utilized is not similar to the compressor mass flow curve, but resembles
the compressor’s outlet temperature curve instead. Even though the cooling de-
mand varies during the refueling, the magnitudes of the maximum cooling demand
for the two process lines do not differ significantly (57 and 66 kW for the reduction
valve and the compressor, respectively). These are found at the beginning and end
of the refueling. In Figure 7.2a, it can be seen that the corresponding outlet tem-
peratures of the two process lines differ greatly. The maximum outlet temperature
of the compressor is 123◦C while the maximum outlet temperature of the reduction
valve is 26◦C. An explanation is that the mass flow is considerably lower when using
the compressor compared to when the valve is used. The lower mass flow compen-
sates for the higher temperature. The cooling demand when the compressor is in
use will therefore not be remarkably higher than when the reduction valve is in use.
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The performed work in the two compressors are given in Figure 7.5. The work
input to compressor 1 decreases as the refueling proceeds. This is because the
compression ratio is reduced as the pressure in the storage tank decreases. Com-
pressor 2 starts working at the time of the switch, and the work input increases
because of the increased compression ratio between the two tanks.

7.3 Behavior during refilling of storage tank
After the refueling of the vehicle tank is aborted, the electrolyzer continues the
production of hydrogen until the pressure in the storage tank reaches its nominal
pressure. A refilling has been simulated with the same parameters as the refueling
presented in the previous section. The time required for refilling the storage tank
after a refueling at an ambient temperature of 15◦C is 193.7 seconds. Note that
this refilling time corresponds to the time from the refueling is complete to the
storage tank is back at its nominal pressure. Refilling will also occur during the
refueling, however, this was included in the previous section.

Figure 7.6 presents the pressure evolution in the storage tank along with the mass
flow in the production section during the refilling. The cooling demand of heat
exchanger 2, the performed work in compressor 1 and the temperature evolution
in the storage tank during a refilling are given in Figure 7.7.

0 20 40 60 80 100 120 140 160 180

27

28

29

30

31

Time [s]

Pr
es
su
re

[M
Pa

]

1.65

1.7

1.75

1.8
·10−2

M
as
s
flo

w
[k
g/
s]

Pressure
Mass flow

Figure 7.6: The pressure evolution in the storage tank and the mass flow in the
production section during a refilling.
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Figure 7.7: The cooling demand in heat exchanger 2, the performed work in
compressor 1 and the temperature evolution in the storage tank during a refilling.
The ambient temperature is 15◦C.

The cooling demands in heat exchanger 1, the intercooler and the electrolyzer along
with the power input to the electrolyzer remain the same as during the refueling
and are therefore not included in the figure.

7.3.1 Discussion
Similar as during the refueling, the mass flow in the production section is fixed.
Because of this, the refilling time depends on the refueling. That is, the refilling
time depends on how much hydrogen is withdrawn from the storage tank during
the refueling. This again, relies on the initial pressure in the vehicle tank and the
ambient temperature. The effect these factors have on the refilling and on the
refueling in general are discussed in Section 7.6. The pressure in the storage tank
increases linearly until it reaches the nominal pressure after 193.7 seconds. The
linear pressure increase is due to the fixed mass flow and that gaseous hydrogen
behaves quite as an ideal gas in this pressure range.

As can be seen in Figure 7.7, the cooling demand in heat exchanger 2 increases
slightly as the pressure in the storage tank, and thereby the compression ratio,
increases. The increased compression ratio results in a higher outlet temperature,
again resulting in a greater cooling demand. The work input in compressor 1 fol-
lows the same trend as the cooling demand in heat exchanger 2. During a refueling,
the temperature in the storage tank decreases with time because of the pressure
reduction. Conversely, during a refilling, the temperature increases. As explained
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for the vehicle tank in the previous section, the hydrogen mass entering the tank
compresses the hydrogen already in the tank. The temperature will then increase
because of the heat of compression.

7.4 Behavior when only the compressor is used
during refueling

A refueling where the initial pressure in the vehicle tank is higher than the storage
tank pressure has been simulated. This implies that only the compressor is used
during the refueling. Except for the different initial vehicle tank pressure, the
simulation has been performed with the model parameters given in Table 7.2. The
initial pressure is set to 30 MPa which gives a refueling time of 83.1 seconds.
Figure 7.8 presents the pressure evolution in the storage tank and the vehicle tank
along with the APRR during the refueling. The mass flow in the refueling section
is also included in the figure. The temperatures in the two tanks and at the outlet
of compressor 2 are presented along with the cooling demand of heat exchanger 3 in
Figure 7.9. The production section is not affected by the change in initial pressure
in the vehicle tank and its behavior remains similar as in the regular refueling
presented in Section 7.2.
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Figure 7.8: The pressure evolution in the vehicle tank and storage tank along
with the APRR for the given conditions. The mass flow in the refueling section is
also included. In this refueling, only compressor 2 is utilized.
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Figure 7.9: The temperatures in the storage and vehicle tanks along with the outlet
temperature of compressor 2 when only compressor 2 is applied in the refueling. The
cooling demand in heat exchanger 3 is also included.

7.4.1 Discussion
If the vehicle tank has an initial pressure of 29.5 MPa or higher, the refueling will be
performed only by the compressor. This is because the pressure difference between
the storage tank and vehicle tank is equal to or less than the defined switching
pressure difference value2. From Figure 7.8 it can be seen that the pressure in the
vehicle tank deviates slightly from the APRR the first 10 seconds of the refueling
but follows the APRR tightly after. The deviation (2%), however, is within the
allowed deviation. It occurs because the controller bias of the compressor controller
is set by the mass flow in the reduction valve, which in this case is zero. Therefore,
the controller bias is set to zero as well, resulting in a slower controller initially.
The mass flow in the refueling section increases rapidly from zero mass flow and
peaks after approximately 8 seconds before it starts declining. The value of the
peak is approximately 0.045 kg/s and is lower than the peak value of the com-
pressor flow in the regular refueling (0.05 kg/s). This is because less hydrogen is
needed during the refueling because of the higher initial pressure in the vehicle tank.

The temperature in the storage tank decreases similar as in a regular refueling
where both process lines are utilized. However, the final temperature in the stor-
age tank is higher (12◦C) because less mass is withdrawn. Compared to the regular
refueling, the temperature in the vehicle tank increases more slowly. In the regular

2. 0.5 MPa in these simulations.
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refueling, the vehicle tank temperature increases rapidly at the start before leveling
out. This is because of the higher initial mass flow initiated by reduction valve. The
final temperature in the vehicle tank during this refueling is lower (47◦C) because
less hydrogen is refueled compared to the regular refueling. The cooling demand
in heat exchanger 3 increases rapidly at the start of the refueling, similar to the
mass flow. Approximately at the time of the mass flow peak, the cooling demand
levels out and increases slightly to the end of the refueling. This slight increase
is a result of the rapidly increasing outlet temperature of the compressor and the
decreasing mass flow.

7.5 Behavior when including heat exchanger 4

Section 4.4 introduced an alternative design in which a heat exchanger is included
after the compressor in the refueling section (Case III). The new cooling demands
in heat exchanger 3 and in the introduced heat exchanger (i.e. heat exchanger 4)
are presented in Figure 7.10. The ordinary cooling demand of heat exchanger 3 is
also included for comparison. Since the cooling demands in heat exchanger 1, heat
exchanger 2 and the intercooler remain the same as presented in Figure 7.4, these
are not included in the figure.
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Figure 7.10: The cooling demand in heat exchanger 3 and heat exchanger 4
together with the ordinary cooling demand in heat exhanger 3.
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7.5.1 Discussion

The inclusion of heat exchanger 4 does only affect the cooling demand in heat ex-
changer 3 when compressor 2 is utilized during the refueling. The behavior of the
rest of the station is identical to its behavior in a regular refueling. The new cool-
ing demand in heat exchanger 3 is therefore similar to the regular cooling demand
when the reduction valve is used in the refueling. After the switch, however, the
new cooling demand in heat exchanger 3 differs from the regular cooling demand
because of the cooling occurring in heat exchanger 4. The new cooling demand
curve is similar to the compressor 2 mass flow curve given in Figure 7.3. In the
same manner, the cooling demand curve of heat exchanger 4 is comparable to the
cooling demand curve of the regular heat exchanger 3 when the compressor is uti-
lized.

As the refueling station already has the possibility of cooling the hydrogen down to
the ambient temperature with cooling water, heat exchanger 4 should be included
in the regular design. This will, as discussed in Section 4.4, contribute to a lower
required heat input to the generator in an absorption refrigeration process. Even
though the absorption refrigeration process is not achievable at the station, the
inclusion of heat exchanger 4 would result in a lower work input to a conventional
compression refrigeration process.

7.6 Effect of ambient temperature and
initial vehicle tank pressure

Simulations with different ambient temperatures and initial vehicle tank pressures
were performed to see what influence these factors have on the refueling. Addi-
tionally, the simulations were performed in order to examine whether the model
and the controllers are behaving correctly for different conditions. All simulations
are run in accordance with the SAE TIR J2601 look-up tables. The APRR is
similar in all cases (0.47 MPa) except for when the ambient temperature is 30◦C
(0.46 MPa/s). The target pressures are provided in [4]. Table 7.3 presents the
SOCs, the refueling and refilling times, and the final temperatures in the vehicle
tank for the different ambient temperatures. The initial pressure in the vehicle tank
during these simulations is 2 MPa. The same parameters are given in Table 7.4
for different initial vehicle tank pressures when the ambient temperature is 15◦C.
Note that these results are independent on whether heat exchanger 4 is included
in the model or not.
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Table 7.3: The state of charge (SOC), the refueling and refilling times, and the
final temperature in the vehicle tank for different ambient temperatures. The initial
vehicle tank pressure is 2 MPa.

Ambient State of charge Refueling Vehicle tank Refilling
temperature [◦C] [%] time [s] temperature [◦C] time [s]

15 89.63 150.1 75.1 193.7
20 90.09 151.4 75.5 194.5
25 90.36 152.2 75.7 195.0
30 90.74 157.8 76.2 191.2

Table 7.4: The state of charge (SOC), the refueling and refilling times, and the
final temperature in the vehicle tank for different initial pressures in the tank. The
ambient temperature is 15◦C.

Initial pressure State of charge Refueling Vehicle tank Refilling
[MPa] [%] time [s] temperature [◦C] time [s]

2 89.17 148.8 74.8 193.7
5 89.84 142.9 72.2 177.9
10 89.98 130.3 67.1 152.9
20 90.93 106.7 57.2 110.6
30 91.91 83.1 47.3 76.0

7.6.1 Discussion
As can be seen from Table 7.3, the results for the different ambient temperatures
do not differ significantly. This is as expected since the simulations have been run
in accordance with the SAE TIR J2601. The state of charge, the refueling time
and the vehicle tank temperature all increase with increasing ambient temperature.
The refilling time increases for the three first ambient temperatures, however, de-
creases when the ambient temperature is 30◦C. This is because the APRR is smaller
compared to the other ambient temperatures. Hence, less hydrogen is withdrawn
from the storage tank during the refueling and less hydrogen has to be refilled. The
reason for the smaller APRR is to increase the refueling time and hence decrease
the mass flow rate in order to limit the heat of compression occurring in the vehicle
tank. This is to ensure that the final temperature in the vehicle tank is below the
maximum temperature limit.

Compared to the results for the different ambient temperatures, the results for
the varying initial vehicle tank pressure differ more. The SOC increases slightly
with increasing initial pressure, while the refueling and refilling times and the final
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vehicle tank temperature all decrease. The latter trends are because less hydrogen
is refueled when the initial vehicle pressure is higher. Hence, a shorter refueling
time is required to reach the target pressure. The smaller amount of hydrogen
entering the vehicle tank also results in a lower final temperature in the tank. This
also implies less hydrogen must be refilled in the storage tank, thus the refilling
time will also be lower. An initial pressure of 30 MPa is special since this results
in a refueling utilizing only the compressor. This was discussed in Section 7.4.

7.7 Summary
Based on the behavior presented in this chapter, the model is working fine. Various
conditions such as different initial vehicle tank pressures, ambient temperatures and
APRRs have been tested. The implemented controllers are able to track the APRR
both when the reduction valve and compressor are utilized in a refueling but also
when only the compressor is utilized. However, in order to make the model more
realistic, heat transfer in the vehicle tank and possibly also in the storage tank
should be implemented. Additionally, pressure losses at the station and in the
vehicle should also be considered.
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8 | Results and discussion:
Absorption refrigeration

This chapter presents the results from the four cases presented in Section 4.4. All
simulations have been performed with an initial vehicle pressure of 2 MPa and
an ambient temperature of 15◦C corresponding to an APRR of 0.47 MPa/s [4].
According to Table 4.1 and Table 4.2, the required temperature of the input heat
is 150◦C and the coefficient of performance is 0.45, respectively. The required
temperature corresponds to a pressure of 0.48 MPa. Note that the presented values
are from a refueling only. That is, the heat generated during the corresponding
refilling is not included. Appendix F presents the results from the four cases for
ambient temperatures of 20, 25 and 30◦C.

8.1 Case I: Use heat from only one heat source

The average and maximum cooling demand in heat exchanger 3 (Q̇HX3), the re-
quired heat input to the generator (Q̇G) and the corresponding heat removal in the
electrolyzer (Q̇EL), heat exchanger 2 (Q̇HX2) and the intercooler in compressor 1
(Q̇IC) are presented in Table 8.1. The maximum cooling demand occurs at the
end of the refueling. Note that the numbers in parenthesis correspond to the useful
heat which can be utilized for heating at the required driving temperature. The
temperatures at which the waste heat is generated are given in Table 8.2.

8.2 Case II: Increase the temperature of waste
heat from electrolyzer with waste heat from
heat exchanger 2 and intercooler

The required steam flow to the generator (ṁreq), the available flow in the elec-
trolyzer heat exchanger (ṁEL) and the actual and required steam flow coming
from the intercooler and heat exchanger 2 (ṁHX,act, ṁHX,req) are summarized in
Table 8.6. The temperature which the mixed steam flow obtains (THX) is also
included. The values are given for both maximum and average cooling demand.
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Similar to the previous case, the maximum cooling demand occurs at the end of
the refueling. More detailed tables are given in Appendix F.

Table 8.1: The maximum and average cooling demand for heat exchanger 3
(Q̇HX3) and the required heat input to the generator (Q̇G) with the corresponding
heat removal in the electrolyzer (Q̇EL), heat exchanger 2 (Q̇HX2) and intercooler
(Q̇IC) for an ambient temperature of 15◦C. The numbers in parenthesis correspond
to the heat which can be utilized for heating at the required temperature.

Q̇HX3 Q̇G Q̇EL Q̇HX2 Q̇IC

[kW] [kW] [kW] [kW] [kW]

Maximum 66 146
2395 (0)

47 (37)
49 (39)

Average 52 116 48 (38)

Table 8.2: The required temperature of the heat input (Treq) along with the temper-
atures of the available heat removed from the electrolyzer (TEL), heat exchanger 2
(THX2) and the intercooler (TIC) for an ambient temperature of 15◦C.

Treq TEL THX2 TIC

[◦C] [◦C] [◦C] [◦C]

Maximum
150 90

201
213

Average 206

Table 8.3: The required steam flow to the generator (ṁreq) and the available flow
of cooling water in the electrolyzer heat exchanger (ṁEL) along with the actual and
required steam flow from the intercooler and heat exchanger 2 combined (ṁHX,act,
ṁHX,req) for an ambient temperature of 15 ◦C. The temperature of the mixed steam
flow (THX) from the two latter heat exchangers is also included.

ṁreq ṁEL THX ṁHX,req ṁHX,act

[kg/s] [kg/s] [◦C] [kg/s] [kg/s]

Maximum 0.069
7.63

207 0.066 0.034
Average 0.055 210 0.052 0.034

8.3 Case III: Include a heat exchanger in the com-
pressor line

The new cooling demand in heat exchanger 3 along with the heat removed in heat
exchanger 4 were presented in Figure 7.10. Table 8.4 presents the maximum and
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average cooling demand (Q̇HX3) and the corresponding required heat input to the
generator (Q̇G) for when heat exchanger 4 is included at the station. The equivalent
heat removal in the electrolyzer, intercooler and heat exchanger 2 is also included
in the table. Contrary to the two preceding cases, the maximum cooling demand
in heat exchanger 3 occurs at the start of the refueling.

Table 8.4: The maximum and average cooling demand for heat exchanger 3
(Q̇HX3) when heat exchanger 4 is included, the required heat input to the gen-
erator (Q̇G) and the corresponding heat generation in the electrolyzer (Q̇EL), heat
exchanger 2 (Q̇HX2) and intercooler (Q̇IC) for an ambient temperature of 15◦C.
The numbers in parenthesis correspond to the heat which can be utilized for heating
at the required temperature.

Q̇HX3 Q̇G Q̇EL Q̇HX2 Q̇IC

[kW] [kW] [kW] [kW] [kW]

Maximum 57 127
2395 (0)

50 (40)
49 (39)

Average 33 73 48 (38)

Table 8.5: The required temperature of the heat input (Treq) along with the temper-
atures of the available heat removed from the electrolyzer (TEL), heat exchanger 2
(THX2) and intercooler in compressor 1 (TIC) for an ambient temperature of 15◦C.

Treq TEL THX2 TIC

[◦C] [◦C] [◦C] [◦C]

Maximum
150 90

215
213

Average 206

8.4 Case IV: Combination of Case II and III

The required steam flow to the generator (ṁreq), the available flow in the elec-
trolyzer heat exchanger (ṁEL) along with the actual and required steam flow
from the intercooler and heat exchanger 2 (ṁHX,act, ṁHX,req) are summarized
in Table 8.6. The temperature which the mixed steam flow obtains (THX) is also
included. The values are given for both maximum and average cooling demand
and for two ambient temperatures (15 and 20◦C). For an ambient temperature of
20◦C, the required driving temperature is 160◦C. This corresponds to a pressure
of 0.62 MPa. The coefficient of performance is then 0.40. More detailed tables are
given in Appendix F.
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Table 8.6: The required steam flow to the generator (ṁreq) and the available flow
of cooling water in the electrolyzer heat exchanger (ṁEL) along with the actual and
required flow from the intercooler and heat exchanger 2 (ṁHX,act, ṁHX,req) for the
ambient temperatures of 15 and 20◦C. The temperature of the mixed steam flow
(THX) from the two heat exchangers is also included.

Tamb ṁreq ṁEL THX ṁHX,req ṁHX,act

[◦C] [kg/s] [kg/s] [◦C] [kg/s] [kg/s]

15
Maximum 0.060

7.63
214 0.057 0.035

Average 0.035 210 0.033 0.034

20
Maximum 0.073

8.17
223 0.069 0.036

Average 0.042 231 0.041 0.035

8.5 Discussion

8.5.1 Case I and II
For Case I and Case II, the required heat input to the generator is 146 kW at
maximum cooling demand in heat exchanger 3 and 116 kW on average. The re-
quired temperature of this heat is 150◦C. As can be seen in Table 8.1 and Table 8.2
the amount of heat generated in the electrolyzer (2395 kW) is sufficient to drive
the cycle, but the temperature of the heat (90◦C) is not high enough. Note that
the maximum and average values are identical for the electrolyzer as the hydrogen
production rate is constant. Conversely for heat exchanger 2 and the intercooler,
the temperatures are high enough but the heat amount is not sufficient. The
temperatures at the maximum cooling demand are 201 and 213◦C, respectively,
and 206 and 213◦C on average. The useful generated waste heats are 37 kW (at
maximum cooling demand) and 38 kW (average) in heat exchanger 2, and 39 kW
for both situations in the intercooler. Thus, an absorption refrigeration process
cannot be utilized by using only one of the waste heat sources when the ambient
temperature is 15◦C. Since a higher ambient temperature (i.e. a higher cooling
water temperature) corresponds to a higher required temperature in the generator
as well as a lower coefficient of performance, this approach will not work for higher
ambient temperatures either.

Further, in Case II, it was evaluated whether the high-temperature heat from the
intercooler and heat exchanger 2 can be used to increase the temperature of the
heat generated in the electrolyzer. From Table 8.3 it can be seen that the tem-
perature of the combined flow (207◦C at maximum, 210◦C on average) from these
heat exchangers is sufficient to do so. Also, the amount of cooling water in the
heat exchanger of the electrolyzer is more than sufficient to provide the required
amount of hot water to be heated and vaporized. However, the actual mass flow
coming from the intercooler and heat exchanger 2 is not sufficient compared to the
required mass flow. The actual flow is 0.034 kg/s at maximum and on average
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cooling demand while the required flow is 0.066 kg/s at maximum and 0.052 kg/s
on average. Hence, in the case of an ambient temperature of 15◦C, the combined
mass flow of steam coming from heat exchanger 2 and the intercooler is not suf-
ficient to heat up the water from the electrolyzer heat exchanger to the driving
temperature and vaporize it. The same discussion on higher ambient temperature
given for Case I also applies here.

8.5.2 Case III and IV
In Case III, a heat exchanger is included after the compressor in the refueling
section. As can be seen in Table 8.4, the required heat input to the generator
is considerably smaller compared to Case I and Case II. The maximum value is
now 127 kW and the average is 73 kW. Despite the reduced required heat input,
neither of the heat sources are able to drive the absorption refrigeration process
alone. Likewise in Case I and Case II, the amount of heat from the electroyzer is
sufficient, but the temperature of the heat is not high enough. The temperatures
of the heat of the intercooler and heat exchanger 2 are high enough, however, the
amount of heat is not sufficient.

Case IV constitutes a combination of the two preceding cases. From Table 8.6
it can be seen that, for an ambient temperature of 15◦C, the average actual mass
flow (0.034 kg/s) from the intercooler and heat exchanger 2 is sufficient to heat up
the hot water flow (0.033 kg/s) from the electrolyzer to the required temperature.
This is not the case at the maximum cooling demand. However, as introduced in
Section 4.1, it is possible to store refrigerant in a reservoir between the condenser
and evaporator. When the cooling demand in heat exchanger 3 is so low that not
all of the generated refrigerant is needed in the cooling process, the excess refriger-
ant can be stored in this reservoir. The stored refrigerant can then be used when
the cooling demand increases to a point where the generated refrigerant rate is
not sufficient to meet the cooling demand. It is therefore acceptable to utilize the
values obtained for the average cooling demand in heat exchanger 3. Thus, for
an ambient temperature of 15◦C, it is possible to utilize the combined flow from
the intercooler and heat exchanger 2 to increase the temperature of the hot water
flow coming from the electrolyzer. However, Table 8.6 also contains the results for
when the ambient temperature is 20◦C. The actual mass flow from the two heat
exchangers is no longer sufficient. For the average cooling demand, the actual mass
flow is 0.035 kg/s while the required mass flow is 0.041 kg/s. Hence, in this case,
the absorption refrigeration process cannot be utilized for an ambient temperature
higher than 15◦C.

8.5.3 Assumptions
Several assumptions have been made in the estimation. First, it is assumed that
the temperature of the cooling water is equal to the ambient temperature. This
assumption will depend on the cooling water system design which is beyond the
scope of this thesis. However, if the cooling water comes from a bigger storage tank
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this is a good assumption. The water has then had time to heat exchange with
the surroundings holding ambient temperature. Otherwise, the water may hold a
slightly higher temperature than that of the surroundings. A higher cooling water
temperature will result in a higher required temperature and also a lower coefficient
of performance. The required heat input to the generator will thus be larger than
found in this estimation. Either way, this assumption has no or very little impact
on the result as the absorption refrigeration process will be unachievable in both
situations.

In addition, it is assumed that the outlet temperature of the flow on the cold
side is equal to the inlet temperature of the flow on the hot side. The assumption
applies for the internal heat exchanger in the elecrolyzer, the intercooler and heat
exchanger 2. Typically, this is the case when a large hot flow is being cooled by
a small cold flow in a large heat exchanger. The flow on the hot side in this case,
which is the mass flow in the production section (0.017 kg/s), is smaller than the
cold flow in all of the considered heat exchangers. Hence, the outlet temperature
of the cold flow will not obtain the same temperature as the inlet hot flow. Often,
a pinch temperature of 5◦C is applied. This implies that a larger mass flow on
the cold side is required in order to cool the hydrogen down to the desired outlet
temperature. Thus, the actual mass flow from the intercooler and heat exchanger 2
will be slightly bigger. However, the temperature of this flow will be lower. Addi-
tionally, the temperature of the hot water exiting the electrolyzer heat exchanger
will also be lower. Hence, more heat is required to increase the temperature of this
flow to the required temperature. This again, implies that a larger mass flow of
the steam from the intercooler and heat exchanger 2 is required. The absorption
refrigeration process will still be unattainable.

The additional assumptions made in the estimation (i.e. no heat loss in pipes
and no resistance to heat transfer) both support that the absorption refrigeration
process is not achievable. First, the distances at the station are small, and conse-
quently, the pipes will be short too. Hence, the heat loss from the heated cooling
medium (water/steam) to the pipes and the surroundings will be small. Second,
if the heat loss is noticeable, it will result in a lower temperature of the heated
cooling medium (i.e. hot water or steam). As discussed in the previous paragraph,
this will neither result in the absorption refrigeration process becoming workable.
Second, there will be resistance to heat transfer between the different parts at the
station. This implies that the heat exchange between the different parts will be less
than the heat transfer rate values given above. Since the absorption refrigeration
process is not doable with the overestimated values, neither will it be with the
actual ones.

8.5.4 Other alternatives
In the estimation, only heat generated during the refueling has been considered for
the absorption refrigeration process. However, heat will also be generated during
the refilling of the storage tank. Note that refilling also occurs during the refueling,
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but in this case, a refilling refers to when no vehicle is connected to the station and
when only the production section is operating. As discussed earlier, the refrigerant
can be stored in a reservoir in the absorption refrigeration cycle. Hence, an addi-
tional alternative that may facilitate the absorption refrigeration process is to use
the heat generated during the refilling to generate NH3 that can be stored for use
in the next refueling. The heat produced during the refueling will still generate
NH3, but now the additional amount of refrigerant needed can be supplied by the
stored refrigerant generated by the refilling process. In all except for one of the
cases investigated in Table 7.4, the refilling time is greater than the refueling time.
Additionally, the amount of heat removed in heat exchanger 2 during a refilling
is slightly larger than in a refueling. The other two heat exchangers considered
(the intercooler and the internal electrolyzer heat exchanger) generate the same
amount of heat as in the refueling. A more detailed discussion on this was given
in Section 7.3. The heat generated during a refilling should therefore be sufficient
to produce the additional amount of refrigerant needed, and especially if the heat
exchanger from Case III is included.

There are, however, some factors that must be considered in this approach. The
station does not have the need for recovery time between refueling vehicles. Thus,
several vehicles may refuel in a row. If this is the case, there will be no or very little
refilling between the refuelings. Since the generated heat during a refueling is not
sufficient to drive the absorption refrigeration process alone, the cooling process
will depend on the refrigerant produced during the refilling. It is therefore nec-
essary to estimate the amount of refrigerant generated during a refilling and how
many refuelings this amount can support. The latter is, however, difficult as each
refueling will differ in terms of initial vehicle tank pressure and also vehicle tank
capacity. That is, it will differ in the amount of hydrogen needed in the refueling
in order to reach the target pressure. In addition, it is necessary to be able to
predict how many vehicles will refuel in a day and the time between them in order
to see whether the refillings are able to generate enough refrigerant for providing
sufficient cooling during the refuelings.

8.5.5 Summary
Four different cases have been considered for making the absorption refrigeration
process workable. Only in the last case, Case IV, does the absorption refrigeration
process become so. However, this is only for an ambient temperature of 15◦C and,
therefore, from a general point of view, the absorption refrigeration process is not
achievable at a hydrogen refueling station operated at the conditions presented
in this thesis. Further, several of the assumptions made during the estimation
were discussed. These support the conclusion that the absorption refrigeration
process is not workable at this station. Then, an additional alternative for making
the refrigeration cycle feasible was discussed. However, several factors including
prediction of refueling patterns and initial conditions in the vehicle have to be
known in order to do this estimation.
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9 | Conclusion and further
work

A simple dynamic model of a hydrogen refueling station with a direct compression
refueling design has been developed and implemented in MATLAB. An on-site
production section where hydrogen is produced from electrolysis of water has also
been included in the model. Various conditions such as different initial vehicle tank
pressures, ambient temperatures and APRRs have been tested. All the tested con-
ditions are handled well by the model. Additionally, the implemented controllers
are able to track the APRR tightly in different refueling situations.

Further, four cases for making an absorption refrigeration process workable at the
refueling station were investigated. The process is workable when an additional
heat exchanger is included after the compressor in the refueling section and when
waste heat from several of the heat sources is utilized. However, this applies only
for a cooling water temperature of 15◦C and presumably below. Based on this and
the assumptions made in the estimation, an absorption refrigeration process is not
achievable at a hydrogen refueling station operated at the conditions given in this
thesis.

9.1 Further work
In order to make the model more realistic, heat transfer in the vehicle tank and
possibly also in the storage tank should be implemented. Additionally, pressure
losses at the station and in the vehicle should also be included in the model.

Further work regarding the absorption refrigeration process may be to investigate
whether the waste heat generated during the refilling of the storage tank can be
utilized in the absorption refrigeration process. The generated heat may be used
to generate the additional refrigerant needed during a refueling in order to make
the absorption refrigeration process feasible.
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A | Derivations

This appendix contains a derivation of the energy balance for an open system with
one species from the first law of thermodynamics along with the derivation of the
total differential of enthalpy expressed in temperature and pressure terms.

A.1 Derivation of energy balance
The first law of thermodynamics for a closed system is

dE = δQ− δW (A.1)

where dE is the change in total energy of the system, δQ the heat flow to the
system and δW the work performed by the system on the surroundings. In an
open system, there is some energy exchange caused by the mass flow across the
system boundary. The energy balance for an open system and only one species can
be written as

dEsys
dt

= Q̇− Ẇ + Ėin − Ėout (A.2)

where dEsys/dt is the rate of accumulation of energy in the system, Q̇ is the rate
of heat flow into the system, Ẇ is the rate of work performed by the system and
Ė in and Ėout are the rates of energy added to or leaving the system by mass flows
crossing the system boundaries.

The work term can be divided into flow work (pV̇ ) and other work (Ẇ s) usu-
ally denoted shaft work. For one species, the work term can be expressed as

Ẇ = −(pV̇ )in + (pV̇ )out + Ẇs (A.3)

where p is the pressure and V̇ is the volumetric flow. Substituting this equation
into A.2 and rearranging give:

dEsys
dt

= Q̇− Ẇs + (Ė + pV̇ )in − (Ė + pV̇ )out (A.4)
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The total energy is the sum of internal energy, U , kinetic energy, Ek, potential
energy, Ep and other energies (e.g. electric or magnetic energy).

E = U + Ek + Ep + other (A.5)

Neglecting the "other" energy term, the energy balance is reduced to:

dEsys
dt

= Q̇− Ẇs + (U̇ + pV̇ + Ėk + Ėp)in − (U̇ + pV̇ + Ėk + Ėp)out (A.6)

Enthalpy, H, is defined as

H =̂ U + pV (A.7)

and stagnation enthalpy, H0, is defined as

H0 =̂ H + Ek + Ep (A.8)

Substituting this into A.6 gives

dEsys
dt

= Q̇− Ẇs + Ḣ0
in − Ḣ0

out (A.9)

The kinetic, potential and other energy terms are usually negligible compared to
the enthalpy, work and heat terms. The energy balance is then reduced to

dUsys
dt

= Q̇− Ẇs + Ḣin − Ḣout (A.10)

and on specific form

dUsys
dt

= Q̇− Ẇs + (ṁh)in − (ṁh)out (A.11)

where ṁ is the mass flow in or out of the system.
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A.2 Total differential of enthalpy
The total differential of internal energy (U) can be written as

dU(S, V )n = TdS − pdV (A.12)

where S is entropy, V is volume, T is temperature and p is pressure. From Legen-
dre transformations the relationship between enthalpy (H) and internal energy is
known

H = U + pV (A.13)
dH = dU + d(pV ) (A.14)
dH = TdS − pdV + (V dp+ pdV ) (A.15)
dH = TdS + V dp (A.16)

Enthalpy is canonical in entropy (S) and pressure (p), but by substituting in for the
entropy differential, the enthalpy differential can be converted to be a function of
temperature and pressure. The differential of entropy as a function of temperature
and pressure is as follows:

dS(T, p) =
(∂S
∂T

)
p
dT +

(∂S
∂p

)
T

dp (A.17)

The two partial derivative terms can be expressed as(∂S
∂T

)
p
=̂ Cp

T
(A.18)(∂S

∂p

)
T

=
(∂V
∂T

)
p

(A.19)

where the former is a definition of the constant pressure capacity and the latter is
a Maxwell relation. The differential of enthalpy as a function of temperature and
pressure is thus:

dH(T, p) = T
[Cp
T

dT −
(∂V
∂T

)
p
dp
]

+ V dp

= CpdT +
[
V − T

(∂V
∂T

)
p

]
dp (A.20)

For an ideal gas, the volume can be expressed as

V = nRT

p
(A.21)

where n is number of moles and R is the ideal gas constant. The partial derivative
of volume with respect to temperature is:(∂V

∂T

)
p

= nR

p
(A.22)
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Inserting these two equations into A.20 yields:

dH(T, p) = CpdT +
[nRT

p
− T nR

p

]
dp

= CpdT (A.23)

The enthalpy of an ideal gas is thus independent of pressure.
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B | Compressor capacity

The cylinder volume (Vcyl) for the two compressors are found from

Vcyl = ṁ

ρηvN
(B.1)

where ṁ is the mass flow, ρ is the inlet density, ηv is the volumetric efficiency and
N is the compressor speed.

The cylinder volume of compressor 1 (Vcyl,1) is estimated based on a specified
compressor speed, maximum refilling time (trefill) of the storage tank and a con-
stant mass flow. It is assumed that each vehicle refuels on average 5 kg (mavg) of
hydrogen in one refueling cycle. The refilling time of the storage tank has been set
to 5 minutes. The required mass flow in compressor 1 is then given by:

ṁ = mavg

trefill
(B.2)

The inlet density is calculated based on the constant inlet conditions (p = 1.2 MPa,
T = 15◦C) and the volumetric efficiency is the same as the one used in the simula-
tions. The numerical values along with the estimated cylinder volume are presented
in Table B.1.

The cylinder volume of compressor 2 (Vcyl,2) is estimated based on a maximum
mass flow (0.06 kg/s) set by the SAE TIR J2601 and a fixed compressor speed (N2)
for this mass flow. The volumetric efficiency are calculated for the largest compres-
sion ratio as this will give the lowest volumetric efficiency, thus yielding the largest
cylinder volume. The numeric values along with the estimated cylinder volume are
presented in Table B.1.
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Table B.1: The calculated compressor cylinder volumes along with the numerical
values applied in the calculations.

Parameter Unit Compressor 1 Compressor 2

mavg [kg] 5 -
trefill [s] 300 -
ṁ [kg/s] 0.017 0.06
pin [MPa] 1.2 30
pout [MPa] 6 70
Tin [◦C] 15 15
ρ kg/m3 0.99 20.85
ηv - 0.75 0.93
N [1/s] 10 10
Vcyl [m3] 2.3e-3 3.1e-4

vi



C | Saturated steam
properties

Table C.1 presents specific enthalpies for water and steam at saturated conditions.
The data is found from [29].

Table C.1: Specific enthalpies for water and steam at different temperatures and
the corresponding saturating pressures.

Pressure Temperature Specific enthalpy water Specific enthalpy steam
[MPa] [◦C] [kJ/kg] [kJ/kg]

0.48 150 633.5 2746
0.62 160 670.4 2756
0.90 175 742.6 2772
1.19 186 790 2781
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D | Controller tuning

The process models for the two different refueling cases (reduction valve and com-
pressor) are found graphically. The controllers are then tuned using the Simple
(or Skogestad) Internal Model Control (SIMC) tuning rules [25]. For the reduction
valve controller, it is the valve coefficient (Cv) that is the manipulated variable.
The compressor controller uses the compressor speed (N2) as the manipulated vari-
able. Note that, in this appendix, the notation compressor refers to compressor 2.

The SIMC tuning rules for an integrating process are given as:

Kc = 1
k′

1
τc

(D.1)

τI = 4(τc + θ) (D.2)

The process model and tuning parameters are summarized in Table D.1.

Table D.1: Description of process model and tuning parameters.
Symbol Description

k′ Slope of integrating response
Kc Controller gain
τI Integral time constant
τc Desired closed-loop time constant
θ Time delay

The pressure rise in the vehicle tank when the reduction valve is applied for refueling
is shown in Figure D.1a. The figure is obtained from a refueling with a fixed valve
coefficient (Cv) (i.e. open-loop). The pressure rise in the vehicle tank when the
compressor is utilized with fixed speed (N2) can be seen in Figure D.1b. The
pressure rise in the vehicle tank is approximated as integrating processes in both
cases. An integrating model can be expressed as:

G(s) = k′e−θs

s
(D.3)

Figure D.2 illustrates how to find a process model for an integrating process.
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Figure D.1: The open-loop response for when the reduction valve (a) and the
compressor (b) are utilized for refueling.

Figure D.2: Illustration on how to obtain a process model for an integrating
process. y(t) is process output, u(t) is process input, θ is process time delay and k’
is the slope of the integrating response (i.e. process gain).

The process model gain (k′) can then be obtained from the following equation

k′ = ∆y
∆u∆t (D.4)

where ∆y is the change in the output variable (pressure), ∆u the magnitude of the
step (Cv/N2) and ∆t the time period. The obtained process models for the two
cases are presented in Table D.2.
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Table D.2: Process model parameters for the pressure rise when utilizing the
reduction valve and when utilizing the compressor for refueling.

Parameter Reduction valve Compressor

∆u 2.00×10−6 5.00
∆y 10.88 11.55
∆t 30.00 30.00
k′ 1.81×105 7.70×10−2

θ 0.00 0.00

Obtained tuning settings for the two controllers with different τcs are presented in
Table D.3a and Table D.3b. The controller bias is set to zero during the tuning.

Table D.3: Process model and tuning settings for the reduction valve and com-
pressor controllers.

(a) Reduction valve controller.

τc Kc × 10−5 τI

0.5 1.10 2
1 0.55 4
2 0.28 20
4 0.14 40

(b) Compressor controller.

τc Kc τI

0.5 25.98 2
1 12.99 4
2 6.50 20
4 3.25 40

D.1 Controller performance
Figures D.3 and D.4 show the performance of the different controller settings for
the reduction valve and compressor controllers, respectively. The different cases are
simulated at the operating conditions of the two units. That is, in the corresponding
pressure range at which the unit is used during a refueling. The highest value of
τc having an acceptable tracking of the APRR has been chosen for tuning settings.
Therefore, τc = 0.5 and τc = 2 are chosen for the reduction valve and the compressor
controllers, respectively.
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Figure D.3: The performance of the reduction valve controller with different val-
ues of the desired closed-loop time constant, τc.
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Figure D.4: The performance of the compressor controller with different values
of the desired closed-loop time constant, τc.
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E | Pressure loss calculations

This appendix presents pressure loss calculations performed in order to see whether
the assumption saying that the pressure losses at the station are negligible is rea-
sonable.

E.1 Pressure losses in pipes
The pressure drop in a pipe (∆p) is calculated from the Darcy-Weisbach equation

∆p = fρ
∆L
D

v2

2 (E.1)

where f is the Darcy friction factor, ρ the density of the flow, ∆L the length of the
pipe, D the inner diameter of the pipe and v the average velocity in the pipe [30].
The velocity can be found from

v = ṁ

ρA
(E.2)

where A is the cross-sectional area of the pipe. The friction factor, f , depends on
whether the flow is laminar or turbulent. The Reynolds number, NRe, is used to
describe the flow type. For a straight, circular pipe, the flow is always laminar
when the value of the Reynolds number is less than 2100. When the Reynolds
number is over 4000, the flow will be turbulent. In between these numbers, the
flow can be viscous or turbulent. The Reynolds number is as follows

NRe = Dvρ

µ
(E.3)

where µ is the dynamic viscosity. The friction factor for a laminar flow depends
only on the Reynolds number:

f = 16
NRe

(E.4)

For a turbulent flow, the friction factor does not only depend on the Reynolds
number, but also on the pipe roughness (ε). The friction factor for a turbulent
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flow must therefore be determined empirically. However, several equations have
been developed for estimating this friction factor. One of these is the Swamee-Jain
equation where the friction factor is found explicitly [31].

f = 0.25
[
log
(ε/D

3.7 + 5.74
N0.9
Re

)]−2
(E.5)

E.2 Pressure loss: Refueling section
The pressure loss in the pipe between the storage tank and the reduction valve/-
compressor along with the pressure loss in the pipe between reduction valve/heat
exchanger and heat exchanger 3 have been calculated during a refueling. The re-
fueling occurs with an ambient temperature of 15◦C and an initial vehicle tank
pressure of 2 MPa. First, the Reynolds number was calculated in order to de-
termine whether the flow is laminar or turbulent. It was found that the flow is
turbulent during the whole refueling. The pressure losses per pipe length for both
cases are presented in Figure E.1. Two different inner diameters have been applied
in the calculations: 0.01 and 0.008 m. The roughness of the pipe is set to 4.6×10−5

(commercial steel) [30].
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Figure E.1: Pressure losses in the pipes between the storage tank and the re-
duction valve/compressor and between the reduction valve/compressor and heat ex-
changer 3. The pressure losses are given per pipe length and for a whole refueling.
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F | Absorption refrigeration

This appendix presents similar calculations and results as those presented in Chap-
ter 8 for additional ambient temperatures (20, 25 and 30◦C). The results for 15◦C
is also included. Note that the values presented are from a refueling only. That is,
the heat generated during the corresponding refilling is not considered.

F.1 Case I: Use heat from only one heat source
In the following calculations, the maximum and average cooling demand of heat
exchanger 3 (Q̇HX3) have been applied. Table F.1 shows the cooling demand in heat
exchanger 3, the required heat input to the generator (Q̇G) and the heat removal in
the heat exchangers for different ambient temperatures during a refueling. The heat
exchangers included are the internal heat exchanger in the electrolyzer, the heat
exchanger following the first compressor (i.e. heat exchanger 2) and the intercooler
between the two compression stages in compressor 1. Note that the numbers in
parenthesis correspond to the useful heat which can be utilized for heating at the
required driving temperature and above. The temperatures at which the heat is
removed in the heat exchangers along with the required temperature (Treq) are
presented in Table F.2.

F.2 Case II: Increase temperature of waste heat
from electrolyzer with waste heat from heat
exchanger 2 and intercooler

This section presents more detailed tables for the Case II results.

F.2.1 Generator
Table F.3 presents the necessary mass flow of saturated steam (ṁreq) to transfer
the required heat input to the generator (Q̇G) for different ambient temperatures.
The conditions of the steam (temperature, pressure) are also included. Note that
the given pressure is the pressure of the rest of the cooling system as well.

xvii



ABSORPTION REFRIGERATION

Table F.1: Case I: The cooling demand in heat exchanger 3 (Q̇HX3), the required
generator heat input (Q̇G) and available heat from the electrolyzer (Q̇EL), heat
exchanger 2 (Q̇HX2) and the intercooler (Q̇IC) for different ambient temperatures.
The coefficients of performance for the different ambient temperatures are also
included. The numbers in parenthesis correspond to the heat which can be utilized
for heating at the required temperature.

Tamb COP
Q̇HX3 Q̇G Q̇EL Q̇HX2 Q̇IC

[◦C] [kW] [kW] [kW] [kW] [kJ/kg]

15
Maximum

0.45
66 146

2395 (0)
47 (37)

49 (39)
Average 52 116 48 (38)

20
Maximum

0.40
69 171

2395 (0)
48 (37)

50 (40)
Average 56 139 49 (39)

25
Maximum

0.40
71 178

2395 (0)
48 (38)

51 (41)
Average 59 147 50 (41)

30
Maximum

0.30
72 240

2395 (0)
49 (39)

52 (42)
Average 60 202 50 (41)

Table F.2: Case I: The required temperature of the heat input (Treq) along with
the temperatures of the available heat removed from the electrolyzer (TEL), heat
exchanger 2 (THX2) and intercooler in compressor 1 (TIC).

Tamb Treq TEL THX2 TIC

[◦C] [◦C] [◦C] [◦C] [◦C]

15
Maximum

150 90
201

213
Average 207

20
Maximum

160 90
209

222
Average 214

25
Maximum

175 90
217

230
Average 222

30
Maximum

186 90
225

238
Average 231
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Table F.3: Case II: The mass flow of steam required (ṁreq) to transfer the heat
amount that is necessary to drive the cycle (Q̇G) and meet the cooling demand.
The desired temperature (Treq) and pressure (p) of the saturated steam are also
included. Values for both maximum and average cooling demand are presented.

Tamb Treq p Q̇G ṁreq

[◦C] [◦C] [bar] [kW] [kg/s]

15
Maximum

150 4.8
146 0.069

Average 116 0.055

20
Maximum

160 6.2
171 0.082

Average 139 0.067

25
Maximum

175 9
178 0.085

Average 147 0.071

30
Maximum

186 11.9
240 0.11

Average 202 0.097

F.2.2 Electrolyzer
The temperature of the hot water leaving the electrolyzer heat exchanger (TEL),
the outlet temperature after heating which corresponds to the required driving
temperature (Treq) and the required steam flow (ṁreq) are shown in Table F.4.
Additionally, the available mass flow of the water coming from the electrolyzer
(ṁEL) and the heat amount necessary to heat up and vaporize the hot water at
the required temperature (Q̇HX2|EL ) are given. Values for both maximum and
average cooling demand in heat exchanger 3 are included.

F.2.3 Heat exchanger 2 and intercooler
Table F.5 presents the temperature of the combined steam flow from heat ex-
changer 2 and the intercooler (THX), the temperature after the heat exchange
(THX,out ), the required mass flow in order to vaporize the electrolyzer cooling
water (ṁHX,req ) and the actual mass flow available (ṁHX,act).

F.3 Case III: Include an heat exchanger in the
compressor line

By including a heat exchanger after compressor 2, the cooling demand in heat
exchanger 3, and accordingly the required heat input to the generator, will be
reduced. The new cooling demand in heat exchanger 3 and required heat input to
the generator are presented along with the available waste heats in Table F.6. The
temperatures at which the waste heat are generated are presented in Table F.7
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Table F.4: Case II: The heat required to heat up and vaporize the hot cooling
water leaving the electrolyzer to and at the driving temperature (Q̇HX2|EL). The
available cooling water mass flow in the electrolyzer (ṁEL) and its corresponding
temperature (TEL) along with the required steam flow (ṁreq) and its corresponding
temperature (Treq) are also included.

Tamb TEL Treq ṁreq ṁEL Q̇HX2|EL

[◦C] [◦C] [◦C] [kg/s] [kg/s] [kW]

15
Maximum

90 150
0.069

7.63
164

Average 0.055 130

20
Maximum

90 160
0.082

8.17
195

Average 0.067 159

25
Maximum

90 175
0.085

8.80
203

Average 0.071 168

30
Maximum

90 186
0.11

9.53
273

Average 0.097 230

Table F.5: Case II: The required (ṁHX,req) and actual (ṁHX,act) mass flow
from the heat exchanger and intercooler along with the conditions at which the heat
exchange to the hot water leaving the electrolyzer occurs.

Tamb THX THX,out ṁHX,req ṁHX,act

[◦C] [◦C] [◦C] [kg/s] [kg/s]

15
Maximum 207

150
0.066 0.034

Average 210 0.052 0.034

20
Maximum 216

160
0.078 0.035

Average 218 0.063 0.035

25
Maximum 224

175
0.081 0.035

Average 226 0.066 0.036

30
Maximum 232

186
0.11 0.036

Average 234 0.090 0.036
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Table F.6: Case III: The cooling demand in heat exchanger 3 (Q̇HX3), the re-
quired generator heat input (Q̇G) and available heat from the electrolyzer (Q̇EL ),
heat exchanger 2 (Q̇HX2) and the intercooler in compressor 1 (Q̇IC ) for different
ambient temperatures. The coefficients of performance for the different ambient
temperatures are also included. The numbers in parenthesis correspond to the heat
which can be utilized for heating at the required temperature and above.

Tamb COP
Q̇HX3 Q̇G Q̇EL Q̇HX2 Q̇IC

[◦C] [kW] [kW] [kW] [kW] [kJ/kg]

15
Maximum

0.45
57 127

2395 (0)
50 (40)

49 (39)
Average 33 73 48 (38)

20
Maximum

0.40
61 153

2395 (0)
51 (40)

50 (40)
Average 36 89 49 (39)

25
Maximum

0.40
65 163

2395 (0)
52 (41)

51 (41)
Average 39 96 50 (40)

30
Maximum

0.30
69 229

2395 (0)
53 (40)

52 (42)
Average 40 202 50 (41)

Table F.7: Case III: The required temperature of the heat input (Treq) along with
the temperatures of the available heat removed from the electrolyzer (TEL), heat
exchanger 2 (THX2) and intercooler in compressor 1 (TIC).

Tamb Treq TEL THX2 TIC

[◦C] [◦C] [◦C] [◦C] [◦C]

15
Maximum

150 90
215

213
Average 207

20
Maximum

160 90
223

222
Average 214

25
Maximum

175 90
231

230
Average 222

30
Maximum

186 90
240

238
Average 231
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F.4 Case IV: Combination of Case II and III
This section presents more detailed tables for the Case IV results.

F.4.1 Generator
Table F.8 presents the necessary mass flow of steam (ṁreq) to transfer the required
heat input to the generator (Q̇G) for different ambient temperatures. The condi-
tions of the steam (temperature, pressure) are also included. Note that the given
pressure is the pressure of the rest of the cooling system as well.

Table F.8: Case IV: The mass flow of steam required (ṁreq) to transfer the heat
amount that is necessary to drive the cycle (Q̇G) and meet the cooling demand.
The desired temperature (Treq) and pressure (p) of the saturated steam are also
included. Values for both maximum and average cooling demand are presented..

Tamb Treq p Q̇G ṁreq

[◦C] [◦C] [bar] [kW] [kg/s]

15
Maximum

150 4.8
127 0.060

Average 73 0.035

20
Maximum

160 6.2
153 0.073

Average 89 0.043

25
Maximum

175 9
163 0.078

Average 96 0.046

30
Maximum

186 11.9
229 0.11

Average 134 0.064

F.4.2 Electrolyzer
The temperature of the hot water coming from the electrolyzer heat exchanger
(TEL), the outlet temperature after heating which corresponds to the required
driving temperature (Treq) and the required saturated steam flow (ṁreq) are shown
in Table F.4. Additionally, the available mass flow of the water coming from the
electrolyzer (ṁEL) and the heat amount necessary to heat up and vaporize the
water at the required temperature (Q̇HX2|EL ) are given. Values for both maximum
and average cooling demand in heat exchanger 3 are presented.

F.4.3 Heat exchanger 2 and intercooler
Table F.5 presents the temperature of the combined steam flow from heat ex-
changer 2 and the intercooler (THX), the temperature after the heat exchange
(THX,out ), the required mass flow in order to vaporize the electrolyzer cooling
water (ṁHX,req ) and the actual mass flow available (ṁHX,act )
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Table F.9: Case IV: The heat required to heat up and vaporize the hot cooling
water leaving the electrolyzer to and at the driving temperature (Q̇HX2|EL). The
available cooling water mass flow in the electrolyzer (ṁEL) and its corresponding
temperature (TEL) along with the required steam flow (ṁreq) and its corresponding
temperature (Treq) are also included.

Tamb TEL Treq ṁreq ṁEL Q̇HX2|EL

[◦C] [◦C] [◦C] [kg/s] [kg/s] [kW]

15
Maximum

90 150
0.060

7.63
142

Average 0.035 82

20
Maximum

90 160
0.073

8.17
175

Average 0.043 102

25
Maximum

90 175
0.078

8.80
186

Average 0.046 110

30
Maximum

90 186
0.11

9.53
262

Average 0.064 153

Table F.10: Case IV: The required (ṁHX,req) and actual (ṁHX,act) mass flow
from the heat exchanger and intercooler along with the conditions at which the heat
exchange to the electrolyzer cooling water occurs.

Tamb THX THX,out ṁHX,req ṁHX,act

[◦C] [◦C] [◦C] [kg/s] [kg/s]

15
Maximum 214

150
0.057 0.035

Average 210 0.033 0.034

20
Maximum 223

160
0.069 0.036

Average 218 0.041 0.035

25
Maximum 231

175
0.073 0.036

Average 226 0.043 0.036

30
Maximum 239

186
0.10 0.037

Average 234 0.060 0.036
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G | MATLAB script

This appendix contains the MATLAB script of the model along with its sub func-
tions. Only the script for the case without heat exchanger 4 is included. The script
used for the absorption refrigeration process is also presented in this appendix.
Documentation is provided in the scripts.

G.1 Main script: refueling_station.m

1 % DESCRIPTION
2 % Dynamic model of a hydrogen refueling station with direct compression of
3 % hydrogen gas into the vehicle tank.
4 % The station consists of an electrolyzer that produces hydrogen from
5 % water , three heat exchangers whose job is to remove heat that is added in
6 % compression and expansion processes , two compressors , a storage tank and
7 % a reduction valve .
8 % The vehicle that connects to the station consists of one hydrogen storage
9 % tank.

10 % The mass flows in the station are induced by compressor 1 ( mflow2 ) and
11 % the reduction valve / compressor 2 ( mflow5A /B).
12 % The rest of the mass flows are given by steady state mass balances :
13 % mflow1 = mflow2 and mflow4 = mflow3 = mflow2
14 % mflow7 = mflow6A /B = mfow5A /B
15 %
16 % COMPONENTS in station
17 % %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
18 % Flows : 1 2 3 4 5A/B 6A/B 7 %
19 % EL ---> HX1 ---> C1 ---> HX2 ---> ST ---> RV/C2 ---> HX3 ---> VT %
20 % %
21 % %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
22 % EL: Electrolyzer
23 % HX: Heat exchanger
24 % C: Compressor
25 % ST: Storage tank
26 % RV: Reduction valve
27 % VT: Vehicle tank
28 %
29 % ASSUMPTIONS
30 % No pressure drop in pipelines or in heat exchangers .
31 % Steady - state operation of heat exchangers .
32 % Adiabatic compression and expansion in compressors and reduction valve .
33 % Adiabatic filling of vehicle tank. No heat exchange with environment from
34 % storage tank.
35 %
36 % INTEGRATOR
37 % Explicit Euler method .
38 %
39 % PARAMETERS / VARIABLES
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40 % aprr Average pressure ramp rate , [MPa/s]
41 % Cv Valve coefficient
42 % h Specific enthalpy , [kJ/kg]
43 % i Loop counter
44 % Kc Controller gain
45 % m Mass in tank , [kg]
46 % mflow Mass flow , [kg/s]
47 % N Compressor speed , [1/s]
48 % rho Density , [kg/m3]
49 % t Time , [s]
50 % tau_C Desired closed -loop time constant , [s]
51 % tau_D Derivative time constant , [s]
52 % tau_I Integral time constant , [s]
53 % T Temperature , [K]
54 % u Specific internal energy , [kJ/kg]
55 % U Internal energy , [kJ]
56 % V Tank volume , [m3]
57 % W Work flow , [kW]
58 % Q Heat flow , [kW]
59
60
61 clear all
62 close all
63
64 global T_amb V_vt del_t aprr
65
66 refill = true;
67
68 % %%%%%%%%%%%%%%%%%%% INPUT VARIABLES %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
69 % The ambient temperature , vehicle tank pressure and volume will be
70 % different for different vehicles . APRR is decided based on these
71 % variables . The pressure in storage tank can be optimized to save
72 % compressor work.
73 T_amb = 273 + 15; % Ambient temperature , [K]
74 p_vehicle_tank = 2; % Initial pressure in vehicle tank , [MPa]
75 V_vehicle_tank = 0.172; % Volume of vehicle tank , [m3]
76 p_storage_tank = 30; % Initial pressure in storage tank , [MPa]
77
78
79 % %%%%%%%%%%%%%%%%%%% HYDROGEN VEHICLE %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
80 % The primary (u and m) and secondary (p, T, rho , h) states of the vehicle
81 % tank before refueling .
82 p_vt = p_vehicle_tank ;
83 T_vt = T_amb ;
84 V_vt = V_vehicle_tank ;
85 rho_vt = Props (’D’, ’P’, p_vt *1e3 , ’T’, T_amb , ’H2 ’);
86 m_vt = rho_vt *V_vt;
87 u_vt = Props (’U’, ’P’, p_vt *1e3 , ’T’, T_amb , ’H2 ’);
88 h_vt = Props (’H’, ’P’, p_vt *1e3 , ’T’, T_amb , ’H2 ’);
89
90 % Filling targets : Target density [kg/m3] and target pressure [MPa] based on
91 % target density and ambient temperature .
92 % Switching limit [MPa] between the red. valve and compressor
93 rho_target = 40.2;
94 dp_switch = 0.5;
95
96 if T_amb == 273 + 10
97 p_target = 72;
98 aprr = 28.2/60; % Tabulated average pressure ramp rate , [MPa/s].
99 elseif T_amb == 273 + 15 %REF: SAE TIR J2601

100 p_target = 72.6;
101 aprr = 28.2/60;
102 elseif T_amb == 273 + 20
103 p_target = 73.2;
104 aprr = 28.2/60;
105 elseif T_amb == 273 + 25
106 p_target = 73.6;
107 aprr = 28.2/60;
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108 elseif T_amb == 273 + 30
109 p_target = 74.1;
110 aprr = 27.4/60;
111 else
112 disp(’Not valid ambient temperature input .The valid options are 10, 15, 20, 25 and 30 Celsius degrees ’)
113 return
114 end
115
116 if p_vt > p_storage_tank - dp_switch
117 p_target = 69.1; % When initial pressure is 30 MPa
118 end
119 disp ([ ’Target pressure in vehicle tank is ’, num2str ( p_target ), ’ MPa ’])
120
121 % %%%%%%%%%%%%%%%%%%% REFUELING STATION %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
122
123 % Electrolyzer
124 p_electrolyzer = 1.2; % Operating pressure , [MPa]
125 T_electrolyzer = 273 + 90; % Operating temperature , [K]
126
127 %Heat exchangers . Outlet temperatures are specified .
128 Thx1_out = T_amb ;
129 Thx2_out = T_amb ;
130 Thx3_out = 273 - 40;
131
132 % Storage tank: Primary (u and m) and secondary states (p, T, rho , h).
133 p_st = p_storage_tank ;
134 T_st = T_amb ;
135 V_st = 3;
136 rho_st = Props (’D’, ’P’, p_st *1e3 , ’T’, T_st , ’H2 ’);
137 m_st = rho_st *V_st;
138 u_st = Props (’U’, ’P’, p_st *1e3 , ’T’, T_st , ’H2 ’);
139 h_st = Props (’H’, ’P’, p_st *1e3 , ’T’, T_st , ’H2 ’);
140
141 % Initiation of flows : Secondary states .
142 T_1 = T_electrolyzer ;
143 p_1 = p_electrolyzer ;
144 T_2 = Thx1_out ;
145 p_2 = p_1;
146 T_3 = T_amb ;
147 p_3 = p_st;
148 T_4 = Thx2_out ;
149 p_4 = p_st;
150 T_5 = T_st;
151 p_5 = p_st;
152 T_6 = T_amb ;
153 p_6 = p_vt;
154 T_7 = Thx3_out ;
155 p_7 = p_vt;
156
157 mflow6 = 0; %For when compressor 2 starts directly
158
159 % Initial conditions for integrator
160 x0 = [ m_st , m_st*u_st , ...
161 m_vt , m_vt*u_vt ]’;
162
163 % %%%%%%%%%%%%%%%%%%% TIME DEFINITIONS %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
164 t = 0; % Start at t = 0, [s]
165 del_t = 0.1; %Time steps , [s]
166 i = 1; % Counter
167
168 % %%%%%%%%%%%%%%%%%%% CONTROLLERS %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
169
170 % Reduction valve controller settings
171 tauC_rv = 0.5;
172
173 % Integrating
174 k_rv = 1.81 e5;
175 Kc_rv = 1/( k_rv* tauC_rv );
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176 tauI_rv = 4* tauC_rv ;
177
178 %PID - controller for reduction valve .
179 controller1 = @(cv , error , int_error ) ...
180 cv + Kc_rv *( error + 1/ tauI_rv * int_error * del_t );
181
182 % Compressor controller settings
183 tauC_c2 = 2;
184 k_c2 = 0.077;
185 Kc_c2 = 1/( k_c2* tauC_c2 );
186 tauI_c2 = 4* tauC_c2 ;
187
188 %PID - controller for compressor 2.
189 controller2 = @(N, error , int_error ) ...
190 N + Kc_c2 *( error + 1/ tauI_c2 * int_error * del_t );
191
192 % Initiation of controllers
193 p_SP = p_vt + aprr* del_t ; %Set point for pressure in vehicle tank
194 error = p_SP - p_vt; % Error between set point and msrd variable
195 int_error = 0; % Integrator error
196 flag = 0; % Decides initiation of N2
197
198 Cv0 = 2e -6; %Bias value for valve coefficient
199 N2 = 0; % Compressor 2 is off
200
201 % %%%%%%%%%%%%%%%%%%% ALLOCATION OF PROFILES %%%%%%%%%%%%%%%%%%%%%%%%%%
202 t_aprr = round ( p_target /aprr ) -70; % Approximate filling time
203 len = t_aprr / del_t ;
204 tspan = zeros (len , 1);
205 aprr_prof = zeros (len , 1);
206
207 pst_prof = zeros (len , 1);
208 mst_prof = zeros (len , 1);
209 ust_prof = zeros (len , 1);
210 hst_prof = zeros (len , 1);
211 Tst_prof = zeros (len , 1);
212
213 pvt_prof = zeros (len , 1);
214 mvt_prof = zeros (len , 1);
215 uvt_prof = zeros (len , 1);
216 hvt_prof = zeros (len , 1);
217 Tvt_prof = zeros (len , 1);
218
219 mf_2_prof = zeros (len , 1);
220 mf_5_prof = zeros (len , 1);
221
222 Pel_prof = zeros (len , 1);
223 Qel_prof = zeros (len , 1);
224 T3_prof = zeros (len , 1);
225 Tc1_int_prof = zeros (len , 1);
226 Qc1_prof = zeros (len , 1);
227 Wc1_prof = zeros (len , 1);
228 T6_prof = zeros (len , 1);
229 Wc2_prof = zeros (len , 1);
230 Qhx1_prof = zeros (len , 1);
231 Qhx2_prof = zeros (len , 1);
232 Qhx3_prof = zeros (len , 1);
233
234 Cv_prof = zeros (len , 1);
235 N2_prof = zeros (len , 1);
236
237 Re_prof = zeros (len , 1);
238 dp_prof = zeros (len , 1);
239
240 % Initial profiles at t = 0 (NOTE: Must have i = 1)
241 tspan (1) = t;
242 aprr_prof (1) = p_vt;
243
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244 pst_prof (1) = p_st;
245 mst_prof (1) = m_st;
246 ust_prof (1) = u_st;
247 hst_prof (1) = h_st;
248 Tst_prof (1) = T_st;
249
250 pvt_prof (1) = p_vt;
251 mvt_prof (1) = m_vt;
252 uvt_prof (1) = u_vt;
253 hvt_prof (1) = h_vt;
254 Tvt_prof (1) = T_vt;
255
256 T3_prof (1) = T_3;
257 Tc1_int_prof (1) = T_2;
258 T6_prof (1) = T_6;
259
260
261 while p_vt < p_target
262
263 %Mass flow and work in compressor 1. Sets mass flow in production line.
264 [ W_compressor1 , mflow2 , T_3 , Tc1_int , Qc1_int ] ...
265 = compressor1 ( p_2 , p_3 , T_2 , T_3 );
266 mflow3 = mflow2 ;
267
268 % Electrolyzer
269 mflow1 = mflow2 ;
270 [ P_electrolyzer , Q_electrolyzer ] ...
271 = electrolysis ( mflow1 , T_electrolyzer );
272
273 %Heat exchanger 1
274 [ Q_hx1 , h_2 ] ...
275 = heatexchanger ( mflow1 , T_1 , p_1 , Thx1_out );
276
277 %Heat exchanger 2
278 [ Q_hx2 , h_4 ] ...
279 = heatexchanger ( mflow3 , T_3 , p_3 , Thx2_out );
280 mflow4 = mflow3 ;
281
282
283 % Switching between reduction valve and compressor
284 if p_st - p_vt >= dp_switch
285
286 % Calculating new valve coefficient from controller
287 Cv = controller1 ( Cv0 , error , int_error );
288
289 %Mass flow in reduction valve
290 [ mflow5 , T_6 ] ...
291 = red_valve ( p_5 , T_5 , rho_st , p_6 , Cv );
292 mflow6 = mflow5 ;
293
294 W_compressor2 = 0;
295
296 elseif p_st - p_vt < 0
297
298 % Controller
299 N2 = controller2 ( N20 , error , int_error );
300
301 %Work , mass flow and outlet temp. in compressor 2
302 [ W_compressor2 , mflow5 , T_compressor2 ] ...
303 = compressor2 ( p_5 , p_6 , T_5 , T_6 , N2 );
304 T_6 = T_compressor2 ;
305 mflow6 = mflow5 ;
306
307 else
308 %At the switch , the pressure in the vehicle tank is lower than the
309 % pressure in the storage tank. Therefore , the outlet pressure of the
310 % compressor is set equal to the inlet pressure
311
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312 if flag == 0
313 % Initiation of N2 the first time the compressor runs. N2 is
314 % initiated based on the mass flow in the reduction valve when
315 %the switch occurs .
316
317 Cv = 0; % Closing valve
318 N2 = init_n2 (mflow6 , p_st , T_st , rho_st );
319 N20 = N2;
320 flag = 1; % Turns off N2 initiation
321
322 time = tspan (i);
323 disp ([ ’Change from reduction valve to compressor at ’, ...
324 num2str (time), ’ s’])
325 disp ([ ’Initial N2 is ’, num2str (N2), ’ strokes per second ’])
326
327 else
328
329 % Controller calculating compressor speed
330 N2 = controller2 ( N20 , error , int_error );
331
332 end
333
334 %Work , mass flow and outlet temp. in compressor 2
335 % Assume outlet pressure is equal to inlet pressure
336 [ W_compressor2 , mflow5 , T_compressor2 ] ...
337 = compressor2 ( p_5 , p_5 , T_5 , T_6 , N2 );
338 T_6 = T_compressor2 ;
339 mflow6 = mflow5 ;
340
341 end
342
343 %Heat exchanger 3
344 [ Q_hx3 , h_7 ] = heatexchanger ( mflow6 , T_6 , p_6 , Thx3_out );
345 mflow7 = mflow6 ;
346
347 % Integration - Explicit Euler
348 [ x, x0 ] = euler_integrator ( mflow4 , h_4 , ...
349 h_st , mflow7 , h_7 , x0 );
350
351 % Calculating new primary and secondary states in tanks
352 m_st = x(1);
353 u_st = x(2)/ m_st;
354 rho_st = m_st/V_st;
355 T_st = T_solver (u_st , rho_st , T_st );
356 p_st = Props (’P’, ’D’, rho_st , ’T’, T_st , ’H2 ’)/(1 e3 );
357 h_st = Props (’H’, ’P’, p_st *1e3 , ’T’, T_st , ’H2 ’);
358
359 m_vt = x(3);
360 u_vt = x(4)/ m_vt;
361 rho_vt = m_vt/V_vt;
362 T_vt = T_solver (u_vt , rho_vt , T_vt );
363 p_vt = Props (’P’, ’D’, rho_vt , ’T’, T_vt , ’H2 ’)/(1 e3 );
364 h_vt = Props (’H’, ’P’, p_vt *1e3 , ’T’, T_vt , ’H2 ’);
365
366 % Updating flows
367 p_4 = p_st;
368 p_3 = p_st;
369 T_5 = T_st;
370 p_5 = p_st;
371 p_6 = p_vt;
372 p_7 = p_vt;
373
374
375 % Updating profiles
376 tspan (i + 1) = tspan (i) + del_t ;
377 aprr_prof (i + 1)= p_SP;
378
379 pst_prof (i + 1) = p_st;
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380 mst_prof (i + 1) = m_st;
381 ust_prof (i + 1) = u_st;
382 hst_prof (i + 1) = h_st;
383 Tst_prof (i + 1) = T_st;
384
385 pvt_prof (i + 1) = p_vt;
386 mvt_prof (i + 1) = m_vt;
387 uvt_prof (i + 1) = u_vt;
388 hvt_prof (i + 1) = h_vt;
389 Tvt_prof (i + 1) = T_vt;
390
391 mf_2_prof (i + 1) = mflow2 ;
392 mf_5_prof (i + 1) = mflow7 ;
393
394 Pel_prof (i + 1) = P_electrolyzer ;
395 Qel_prof (i + 1) = Q_electrolyzer ;
396 T3_prof (i + 1) = T_3;
397 Tc1_int_prof (i + 1) = Tc1_int ;
398 T6_prof (i + 1) = T_6;
399 Qhx1_prof (i + 1)= Q_hx1 ;
400 Qc1_prof (i + 1) = Qc1_int ;
401 Qhx2_prof (i + 1)= Q_hx2 ;
402 Qhx3_prof (i + 1)= Q_hx3 ;
403 Wc1_prof (i + 1) = W_compressor1 ;
404 Wc2_prof (i + 1) = W_compressor2 ;
405
406 Cv_prof (i + 1) = Cv;
407 N2_prof (i + 1) = N2;
408
409 Re_prof (i + 1) = Re;
410 dp_prof (i + 1) = dp;
411
412 % Updating error for controller action
413 p_SP = p_SP + aprr* del_t ;
414 error = p_SP - p_vt;
415 int_error = int_error + error ;
416
417 i = i + 1;
418
419 end
420
421 % %%%%%%%%%%%%%%%%%%% STATE OF CHARGE %%%%%%%%%%%%%%%%%%%%%%%%%
422 soc = rho_vt / rho_target *100;
423
424 disp ([ ’Final pressure in vehicle tank ’, num2str (p_vt), ’ MPa ’])
425 disp ([ ’Final mass in vehicle tank ’, num2str (m_vt), ’ kg ’])
426 disp ([ ’The state of charge is ’, num2str (soc), ’%’])
427 disp ([ ’The refueling lasts ’, num2str ( tspan (end )), ’ s’])
428
429 % %%%%%%%%%%%%%%%%%%%%% REFILLING STORAGE TANK %%%%%%%%%%%%%%%%%%%%%
430
431 %New system matrix for Euler integration . Only charging of tank.
432 F = [ 1 , h_4 ]’;
433 y0 = [ m_st , m_st*u_st ]’;
434
435 %Time
436 t = 0;
437 j = 1;
438
439 % Allocation of profiles
440 t_refill_guess = 2*70;
441 len_refill = t_refill_guess / del_t ;
442
443 t_refill = zeros (len , 1);
444 pst_refill = zeros (len , 1);
445 mst_refill = zeros (len , 1);
446 Tst_refill = zeros (len , 1);
447 mf_2_refill = zeros (len , 1);

xxxi



MATLAB SCRIPT

448
449 T3_refill = zeros (len , 1);
450 Tc1_refill = zeros (len , 1);
451
452 Wc1_refill = zeros (len , 1);
453 Pel_refill = zeros (len , 1);
454
455 Qel_refill = zeros (len , 1);
456 Qhx1_refill = zeros (len , 1);
457 Qhx2_refill = zeros (len , 1);
458 Qc1_refill = zeros (len , 1);
459
460 % Refill profiles (NOTE: Must have j=1)
461 % t_refill (j) = t_start_refill ;
462 t_refill (j) = 0;
463
464 pst_refill (j) = p_st;
465 mst_refill (j) = m_st;
466 Tst_refill (j) = T_st;
467 mf_2_refill (j) = mflow2 ;
468
469 T3_refill (j) = T_3;
470 Tc1_refill (j) = Tc1_int ;
471
472 Wc1_refill (j) = W_compressor1 ;
473 Pel_refill (j) = P_electrolyzer ;
474 Qel_refill (j) = Q_electrolyzer ;
475 Qhx1_refill (j) = Q_hx1 ;
476 Qhx2_refill (j) = Q_hx2 ;
477 Qc1_refil (j) = Qc1_int ;
478
479
480 if refill == true
481 %Fill up to maximum pressure of storage tank
482 while p_st < p_storage_tank
483
484 %Mass flow and work in compressor 1. Sets mass flow in production line.
485 [ W_compressor1 , mflow2 , T_3 , Tc1_int , Qc1_int ] ...
486 = compressor1 ( p_2 , p_3 , T_2 , T_3 );
487 mflow3 = mflow2 ;
488
489 % Electrolyzer
490 mflow1 = mflow2 ;
491 [ P_electrolyzer , Q_electrolyzer ] ...
492 = electrolysis ( mflow1 , T_electrolyzer );
493
494 %Heat exchanger 1
495 [ Q_hx1 , h_2 ] ...
496 = heatexchanger ( mflow1 , T_1 , p_1 , Thx1_out );
497
498 %Heat exchanger 2
499 [ Q_hx2 , h_4 ] ...
500 = heatexchanger ( mflow3 , T_3 , p_3 , Thx2_out );
501 mflow4 = mflow3 ;
502
503 % Integration
504 y = y0 + del_t * mflow4 .*F;
505 y0 = y;
506
507 % Calculating new primary and secondary states in storage tank
508 m_st = y(1);
509 u_st = y(2)/ m_st;
510 rho_st = m_st/V_st;
511 T_st = T_solver (u_st , rho_st , T_st );
512 p_st = Props (’P’, ’D’, rho_st , ’T’, T_st , ’H2 ’)/(1 e3 );
513 h_st = Props (’H’, ’P’, p_st *1e3 , ’T’, T_st , ’H2 ’);
514
515 % Flows
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516 p_3 = p_st;
517
518 % Profiles
519 t_refill (j + 1) = t_refill (j) + del_t ;
520
521 mst_refill (j + 1) = m_st;
522 pst_refill (j + 1) = p_st;
523 Tst_refill (j + 1) = T_st;
524
525 mf_2_refill (j + 1) = mflow2 ;
526
527 T3_refill (j + 1) = T_3;
528 Tc1_refill (j + 1) = Tc1_int ;
529
530 Wc1_refill (j + 1) = W_compressor1 ;
531 Pel_refill (j + 1) = P_electrolyzer ;
532 Qel_refill (j + 1) = Q_electrolyzer ;
533 Qhx1_refill (j + 1) = Q_hx1 ;
534 Qhx2_refill (j + 1) = Q_hx2 ;
535 Qc1_refill (j + 1) = Qc1_int ;
536
537 j = j + 1;
538
539 end
540
541 t_refill_total = t_refill (end );
542 disp ([ ’Duration of refilling of storage tank was ’, num2str ( t_refill_total ), ’ s’])
543
544 end

G.2 Electrolyzer: electrolysis.m

1 function [ P_el , Q_gen ] = electrolysis ( mflow , T )
2 % ELECTROLYSIS Calculates the power input and heat generated based on
3 % the given mass flow.
4 % It is assumed that the pressure and temperature in the
5 % stack remain constant , also during off -time.
6 % It is assumed that oxygen and hydrogen are ideal gases
7 % under these conditions and that the heat capacities are
8 % constant .
9 %

10 % INPUT
11 % mflow Mass flow demand , [kg/s]
12 % T Operating temperature , [K]
13 %
14 % OUTPUT
15 % P_el Electical power input , [kW]
16 % Q_gen Heat generated , [W]
17
18 % Reference temperature [K] and pressure [MPa] ( standard conditions )
19 T_ref = 273.15 + 25;
20 p_ref = 0.1;
21
22 % Molar masses , [kg/mol]
23 Mm_h2 = Props (’H2 ’,’molemass ’)*1e -3;
24 Mm_o2 = Props (’O2 ’,’molemass ’)*1e -3;
25 Mm_h2o = Props (’H2O ’,’molemass ’)*1e -3;
26
27 % Molar heat capacities , [kJ/K mol]
28 Cp_h2 = Props (’C’, ’P’, p_ref *1e3 , ’T’, T_ref , ’H2 ’)* Mm_h2 ;
29 Cp_o2 = Props (’C’, ’P’, p_ref *1e3 , ’T’, T_ref , ’O2 ’)* Mm_o2 ;
30 Cp_h2o = Props (’C’, ’P’, p_ref *1e3 , ’T’, T_ref , ’H2O ’)* Mm_h2o ;
31
32 % Formation enthalpy at standard conditions , [kJ/mol]
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33 H0_h2 = 0;
34 H0_o2 = 0;
35 H0_h2o = -286;
36
37 % Overall electrolyzer efficiency
38 eta = 0.5;
39
40 % Enthalpies at new temperature , [kJ/mol]
41 H_h2 = H0_h2 + Cp_h2 *(T - T_ref );
42 H_o2 = H0_o2 + Cp_o2 *(T - T_ref );
43 H_h2o = H0_h2o + Cp_h2o *(T - T_ref );
44
45 % Enthalpy of reaction , [kJ/mol]
46 del_H_rx = 0.5* H_o2 + H_h2 - H_h2o ;
47
48 % Power input needed , [kW]
49 P_el = mflow * del_H_rx /( Mm_h2 *eta );
50
51 %Heat generated , [kW]
52 Q_gen = (1- eta )* P_el;
53
54
55 end

G.3 Heat exchangers: heatexchanger.m

1 function [ Q , h_out ] = heatexchanger ( mflow , T_in , p_in , T_out )
2 % HEATEXCHANGER Calculates the heat exchanger duty from the steady - state
3 % energy balance :
4 % Q = mflow *( h_in - h_out )
5 % It is assumed that the pressure drop is zero across the
6 % heat exchanger , that is p_out = p_in.
7 % The outlet temperature is predefined by the SAE TIR J2601 .
8 %
9 % INPUT

10 % mflow Mass flow rate , [kg/s]
11 % T_in Inlet temperature , [K]
12 % p_in Inlet pressure , [MPa]
13 % T_out Specified outlet temp., [K]
14 %
15 % OUTPUT
16 % Q Heat removed , [kW]
17 % h_out Outlet enthalpy , [kJ/kg]
18
19 % Inlet conditions
20 h_in = Props (’H’, ’P’, p_in *1e3 , ’T’, T_in , ’H2 ’);
21
22 % Outlet conditions
23 p_out = p_in; % No pressure drop
24 h_out = Props (’H’, ’P’, p_out *1e3 , ’T’, T_out , ’H2 ’);
25
26 %Heat removed , [kW]
27 Q = mflow *( h_in - h_out );
28
29 end

G.4 Compressor 1: compressor1.m
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1 function [ W, mflow , T_out , T_int1 , Q_int ] = ...
2 compressor1 ( p_in , p_out , T_in , T_out_last )
3 % COMPRESSOR1 Calculates the shaft work for compressor 1. The
4 % compression is considered adiabatic , and the work
5 % is calculated from the energy balance :
6 % W = m*( h_out (T,p) - h_in(T,p) )
7 % The outlet enthalpy , h_out is calculated from the
8 % isentropic efficiency and the outlet isentropic enthalpy :
9 % h_out = ( h_out ,is - h_in )/ eta_is + h_in

10 % The isentropic enthalpy is then calculated from the
11 % outlet entropy and pressure .
12 % The compression is performed in two stages with
13 % intercooling .
14 % The compression ratio in the first stage is 5.
15 %
16 % INPUT
17 % p_in Inlet pressure , [MPa]
18 % p_out Outlet pressure , [MPa]
19 % T_in Inlet temperature , [K]
20 % T_out_last Outlet temperature , [K]
21 %
22 % OUTPUT
23 % W Compressor work , [kW]
24 % mflow Mass flow , [kg/s]
25 % T_out Outlet temperature , [K]
26 % T_int1 Intermediate temperature , [K]
27 % Q_int Heat removed in intercooling , [Q]
28
29 global T_amb
30
31 % Parameters
32 Vcyl = 2.3e -3; % Cylinder volume for both compressors , [m3]
33 c = 10; % Cylinder clearance , [%]
34 mflow = 0.017; % Constant mass flow , [kg/s]
35
36 %Heat capacities
37 Cp = Props (’C’, ’P’, p_in *1e3 , ’T’, T_in , ’H2 ’);
38 Cv = Props (’O’, ’P’, p_in *1e3 , ’T’, T_in , ’H2 ’);
39 gamma = Cp/Cv;
40
41 % Compressibility factors
42 Zin = Props (’Z’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
43 Zout = Props (’Z’, ’T’, T_out_last , ’P’, p_out *1e3 , ’H2 ’);
44
45 % %%%%%%%%% EFFICIENCIES AND TRANSPORT %%%%%%%%%%%%%%%%%
46
47 eta_v = @(p1 , p2) (100 - p2/p1 - c*(( p2/p1 )^(1/ gamma )...
48 *Zin ^2/ Zout ^2 - 1))*1e -2;
49 eta_is = @(p1 , p2) 0.1091*( log(p2/p1 ))^3 - ...
50 0.5247*( log(p2/p1 ))^2 + 0.8577* log(p2/p1 )+ ...
51 0.3727;
52 speed = @(eta , rho) mflow /( Vcyl*rho*eta );
53
54 % %%%%%%%% TWO STAGE COMPRESSION %%%%%%%%%%%%%%%%%%%%%
55 r = 5; % Compression ratio
56 p_int = r*p_in; % Intermediate pressure
57
58 % %%%%%%%% INLET CONDITIONS %%%%%%%%%%%%%%%%%
59
60 % Calculate inlet enthalpy and entropy from known T and p.
61 h_in = Props (’H’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
62 s_in = Props (’S’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
63 rho_in = Props (’D’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
64
65 % %%%%%%% MASS FLOW %%%%%%%%%%%%%%%%%%%%%%%%
66
67 N = speed ( eta_v (p_in , p_int ), rho_in ); % Compressor speed , [1/s]
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68
69 % %%%%%% STAGE 1 %%%%%%%%%%%%%%%%
70 s_int1 = s_in; % Isentropic compression
71
72 % Solving for outlet temperature instead of outlet enthalpy . Without this
73 %fix , it is not possible to compress to a pressure higher than 22 MPa when
74 % inlet pressure is 1.2 MPa.
75 options = optimset (’Display ’, ’off ’, ’TolX ’, 1e -4);
76 F_int = @(x) Props (’S’, ’T’, x, ’P’, p_int *1e3 , ’H2 ’) - s_int1 ;
77 T_guess = T_out_last ;
78 T_int1_is = fsolve (F_int , T_guess , options );
79 h_int1_is = Props (’H’, ’T’, T_int1_is , ’P’, p_int *1e3 , ’H2 ’);
80
81 % Calculate real outlet enthalpy by using isentropic efficiency , [kJ/kg]
82 h_int1 = h_in + ( h_int1_is - h_in )/ eta_is (p_in , p_int );
83
84 %Real intermediate temperature , [K]
85 T_int1 = Props (’T’, ’H’, h_int1 , ’P’, p_int *1e3 , ’H2 ’);
86
87 % %%%%%%% INTERCOOLING %%%%%%%%%%%%%
88 % Cooling down to ambient temperature
89 h_int2 = Props (’H’, ’T’, T_amb , ’P’, p_int *1e3 , ’H2 ’);
90 Q_int = mflow *( h_int1 - h_int2 );
91
92 % %%%%%%% STAGE 2 %%%%%%%%%%%
93 s_int2 = Props (’S’, ’T’, T_amb , ’P’, p_int *1e3 , ’H2 ’);
94 s_out = s_int2 ;
95
96 F_out = @(x) Props (’S’, ’T’, x, ’P’, p_out *1e3 , ’H2 ’) - s_out ;
97 T_out_is = fsolve (F_out , T_guess , options );
98 h_out_is = Props (’H’, ’T’, T_out_is , ’P’, p_out *1e3 , ’H2 ’);
99

100 % Using isentropic efficiency to calculate real enthalpy
101 h_out = h_in + ( h_out_is - h_in )/ eta_is (p_int , p_out );
102
103 %Real outlet temperature , [K]
104 T_out = Props (’T’, ’H’, h_out , ’P’, p_out *1e3 , ’H2 ’);
105
106 % %%%%%%% COMPRESSOR WORK %%%%%%%%%%%%%%
107 W1 = mflow *( h_int1 - h_in );
108 W2 = mflow *( h_out - h_int1 );
109 W = W1 + W2; % Total compressor work , [kW]
110
111 end

G.5 Reduction valve: red_valve.m

1 function [ mflow , T_out ] = red_valve ( p_in , T_in , rho_in , p_out , Cv )
2 % RED_VALVE Calculates the expansion of the hydrogen gas through the
3 % reduction valve . It is assumed that the expansion
4 % is adiabatic . That is; the flow is isenthalpic (dh = 0).
5 % The massflow induced by the pressure difference and the
6 % given valve coefficient (Cv) is also calculated .
7 %
8 % INPUT
9 % p_in Inlet pressure , [MPa]

10 % T_in Inlet temperature , [K]
11 % rho_in Inlet density , [kg/m3]
12 % p_out Outlet pressure , [MPa]
13 % Cv Valve coefficient
14 %
15 % OUTPUT
16 % mflow Mass flow through valve , [kg/s]
17 % T_out Outlet temperature , [K]
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18
19 % Inlet conditions
20 h_in = Props (’H’, ’P’, p_in *1e3 , ’T’, T_in , ’H2 ’);
21
22 % Outlet conditions
23 h_out = h_in;
24 T_out = Props (’T’, ’H’, h_out , ’P’, p_out *1e3 , ’H2 ’);
25
26 %Mass flow
27 mflow = Cv*sqrt ((( p_in - p_out )*1 e6 )/ rho_in )* rho_in ;
28
29
30 end

G.6 Compressor 2: compressor2.m

1 function [ W, mflow , T_out ] = compressor2 ( p_in , p_out , T_in , T_out_last , N )
2 % COMPRESSOR2 Calculates the shaft work for compressor 2. The
3 % compression is considered adiabatic , and the work
4 % is calculated from the energy balance :
5 % W = m*( h_out (T,p) - h_in(T,p) )
6 % The outlet enthalpy , h_out is calculated from the
7 % isentropic efficiency and the outlet isentropic enthalpy :
8 % h_out = ( h_out ,is - h_in )/ eta_is + h_in
9 % The isentropic enthalpy is then calculated from the

10 % outlet entropy and pressure .
11 %
12 % INPUT
13 % p_in Inlet pressure , [MPa]
14 % p_out Outlet pressure , [MPa]
15 % T_in Inlet temperature , [K]
16 % T_out_last Outlet temperature , last time step , [K]
17 % N Strokes per minute , [1/s]
18 %
19 % OUTPUT
20 % W Compressor work , [kW]
21 % mflow Mass flow , [kg/s]
22 % T_out Outlet temperature , [K]
23 %
24 % PARAMETERS
25 % eta_is Isentropic efficiency
26 % eta_v Volumetric efficiency
27
28 % Parameters
29 Vcyl = 3.1e -4; % Cylinder volume , [m3 ].
30 c = 10; % Cylinder clearance , [%]
31
32 %Heat capacities
33 Cp = Props (’C’, ’P’, p_in *1e3 , ’T’, T_in , ’H2 ’);
34 Cv = Props (’O’, ’P’, p_in *1e3 , ’T’, T_in , ’H2 ’);
35 gamma = Cp/Cv;
36
37 % Compressibility factors
38 Zin = Props (’Z’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
39 Zout = Props (’Z’, ’T’, T_out_last , ’P’, p_out *1e3 , ’H2 ’);
40
41 % %%%%%%%%% EFFICIENCIES AND TRANSPORT %%%%%%%%%%%%%%%%%
42
43 eta_v = @(p1 , p2) (100 - p2/p1 - c*(( p2/p1 )^(1/ gamma )...
44 *Zin ^2/ Zout ^2 - 1))*1e -2;
45 eta_is = @(p1 , p2) 0.1091*( log(p2/p1 ))^3 - ...
46 0.5247*( log(p2/p1 ))^2 + 0.8577* log(p2/p1 )+ ...
47 0.3727;
48 m_flow = @(eta , rho) Vcyl*N*rho*eta;
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49
50 % Isentropic and volumetric efficiency when out of bound
51 eta_is_0 = eta_is (1, 1.1); % Efficiency when p2/p1 = 1.1
52
53 % %%%%%%%%%% INLET AND OUTLET CONDITIONS %%%%%%%%%%%%%%%
54
55 % Calculate inlet enthalpy and entropy from known T and p.
56 h_in = Props (’H’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
57 s_in = Props (’S’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
58 rho_in = Props (’D’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
59
60 % Outlet conditions . Isentropic compression .
61 s_out = s_in;
62 h_out_is = Props (’H’, ’S’, s_out , ’P’, p_out *1e3 , ’H2 ’);
63
64
65 % Calculate real outlet enthalpy by using isentropic efficiency
66 if p_out /p_in >= 1.1 && p_out /p_in <= 5
67 h_out = h_in + ( h_out_is - h_in )/ eta_is (p_in , p_out );
68 %Mass flow
69 mflow = m_flow (rho_in , eta_v (p_in , p_out ));
70 else
71 h_out = h_in + ( h_out_is - h_in )/ eta_is_0 ;
72 mflow = m_flow (rho_in , eta_v (p_in , p_out ));
73 end
74
75 %Real temperature out of compressor
76 T_out = Props (’T’, ’H’, h_out , ’P’, p_out *1e3 , ’H2 ’);
77
78 % Calculate compressor work
79 W = mflow *( h_out - h_in );
80
81 end

G.7 Compressor speed initiation: init_n2.m

1 function [ N2 ] = init_n2 ( m_flow , p_in , T_in , rho_in )
2 % INIT_N2 Calcuates an initial N2 that gives the same mass flow
3 % as flowing through the reduction valve .
4 % At this point , the pressure in the vehicle tank is lower
5 % than the pressure in the storage tank. Therefore , the
6 % compression ratio (r) is set to 1.
7 %
8 % INPUT
9 % m_flow Mass flow in reduction valve at switch , [kg/s]

10 % p_in Inlet pressure , [MPa]
11 % T_in Inlet temperature , [K]
12 % rho_in Inlet density , [kg/m3]
13 %
14 % OUPUT
15 % N2 Compressor speed , [1/s]
16
17 global T_amb
18
19 % Parameters
20 Vcyl = 3.1e -4; % Cylinder volume , [m3]
21 c = 10; %Clearance , [%]
22 T_out_last = T_amb ;
23
24 %Heat capacities
25 Cp = Props (’C’, ’P’, p_in *1e3 , ’D’, rho_in , ’H2 ’);
26 Cv = Props (’O’, ’P’, p_in *1e3 , ’D’, rho_in , ’H2 ’);
27 gamma = Cp/Cv;
28
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29 % Compression ratio
30 r = 1; %Set outlet pressure equal to inlet pressure
31
32 % Compressibility factors
33 p_out = p_in*r;
34 Zin = Props (’Z’, ’T’, T_in , ’P’, p_in *1e3 , ’H2 ’);
35 Zout = Props (’Z’, ’T’, T_out_last , ’P’, p_out *1e3 , ’H2 ’);
36
37 % Volumetric efficiency
38 eta_v = @(r) (100 - r - c*((r )^(1/ gamma )...
39 *Zin ^2/ Zout ^2 - 1))*1e -2;
40
41 % Initial compressor speed
42 N2 = m_flow /( Vcyl* rho_in * eta_v (r));
43
44 end

G.8 Integrator: euler_integrator.m

1 function [ y, y0 ] = euler_integrator ( mflow4 , h_4 , ...
2 h_st , mflow7 , h_7 , y0 )
3 % EULER_INTEGRATOR Explicit euler is used as integrator
4 % y(k + 1) = y(k) + del_t *y(k)
5 % where y(k) = F*v.
6 % y is a vector containing the conserved
7 % quanitites , y = [U , m]’, F is the incidence matrix
8 % providing the directionality of the mass flows and v is
9 % a transport vector , v = [m4 , m7]’.

10 % Because of conservation , the outlet flow of the storage
11 % tank is equal to the inlet flow of the vehicle tank.
12 %
13 % INPUT
14 % mflow4 Inlet flow of the storage tank , [kg/s]
15 % h_4 Inlet specific enthalpy of the storage tank , [kJ/kg]
16 % h_st Specific enthalpy in the storage tank , [kJ/kg]
17 % mflow7 Inlet flow of vehicle tank , [kg/s]
18 % h_7 Inlet specific enthalpy of vehicle tank , [kJ/kg]
19 % y0 Values from last time step , y(k).
20 %
21 % OUTPUT
22 % y Updated primary states
23 % y0 New " initial " values for next round .
24
25 global del_t
26
27 % Incidence matrix
28 F = [ 1 -1 ; ...
29 h_4 -h_st ; ...
30 0 1 ; ...
31 0 h_7 ];
32
33 % Transport matrix
34 v = [ mflow4 mflow7 ]’;
35
36 % Euler integration
37 f_vector = F*v;
38 y = y0 + del_t * f_vector ;
39 y0 = y;
40
41 end
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G.9 Solving for new temperature: T_solver.m

1 function [ T ] = T_solver ( u, rho , x0 )
2 % T_SOLVER Calculates the temperature based on the updated states in the
3 % storage tank and the vehicle tank.
4 % The specific internal energy along with the density in the
5 % tanks are known .
6 % fsolve is used to find what temperature corresponds to the two
7 % known states .
8 %
9 % INPUTS

10 % u Specific internal energy , [kJ/kg]
11 % rho Density in tank , [kg/m3]
12 % x0 Initial guess of temperature . The temperature found in the
13 % previous step is used.
14 %
15 % OUTPUTS
16 % T New temperature in tank , [K]
17
18 % fsolve settings
19 options = optimset (’Display ’, ’off ’, ’TolX ’, 1e -4);
20
21 % Equation to be solved
22 F = @(x) u - ...
23 Props (’U’, ’T’, x, ’D’, rho , ’H2 ’);
24
25 % Solver
26 T = fsolve (F, x0 , options );
27
28
29
30
31 end

G.10 Absorption refrigeration: abs_ref.m

1 function [ mf_nh3 , Q_generator ] = abs_ref ( T_amb , Q_e , Q_el , T_el , ...
2 Q_hx2 , T_hx2 , Q_IC , T_IC )
3 % ABS_REF Calculating the required mass flow of NH3 to comply the
4 % cooling demand .
5 % Calculating the heat input required for the generator .
6 % The heat from heat exchanger 2 and the intercooler in
7 % compressor 1 is used to heat up the cooling
8 % media applied in the internal electrolyzer heat exchanger
9 % to the required input temperature , T_input .

10 % The cooling medium is water . The heating medium is steam .
11 % The steam is assumed to be saturated at T_input .
12 % The temperature in the evaporator is assumed to be -45 degrees .
13 %
14 % INPUT
15 % T_amb Ambient temperature , [K]
16 % Q_e Heat that needs to be removed by the evaporator , [kW]
17 % Q_el Heat removed in eletrolysis , [kW]
18 % T_el Operating temperature of electrolyzer , [K]
19 % Q_hx2 Heat removed in heat exchanger 2, [kW]
20 % T_hx2 Outlet temperatureof cooling water in HX2 , [K]
21 % Q_IC Heat removed in intercooling in compressor 1, [kW]
22 % T_IC Intermediate temperature in compressor 1, [K]
23 %
24 % OUTPUT
25 % mf_nh3 Required mass flow of refrigerant NH3 , [kg/s]
26 % Q_generator Required heat input to the generator , [kW]
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27
28 % %%%%%%%%%%%%%%%%%%% PARAMETERS %%%%%%%%%%%%%%%%%%%%%%
29 T_cw = T_amb ; % Cooling water temperature
30
31 % Coefficient of performance based on cooling water temepratures
32 if T_cw < 273 + 20
33 COP = 0.45;
34 elseif 273 + 20 <= T_cw && T_cw < 273 + 30
35 COP = 0.4;
36 else
37 COP = 0.3;
38 end
39
40 % Required input temperature and corresponding enthalpies based on
41 % cooling temperatures .
42 if T_cw <= 273 + 15
43 % T_input = 273 + 150;
44 p_cw = 0.48; % Saturation pressure , [MPa]
45
46 % Enthalpies of water at 4.8 bar and 150 degrees C, [kJ/kg]
47 %( Saturated state )
48 h_l_cw = 633.5;
49 h_v_cw = 2746;
50
51 elseif 273 + 15 < T_cw <= 273 + 20
52 % T_input = 273 + 160;
53 p_cw = 0.62;
54
55 % Enthalpies of water at 6.2 bar and 160 degrees , [kJ/kg]
56 h_l_cw = 670.4;
57 h_v_cw = 2756;
58
59 elseif 273 + 21 <= T_cw <= 273 + 25
60 % T_input = 273 + 175;
61 p_cw = 0.9;
62
63 % Enthalpies of water at 9 bar and 175 degrees , [kJ/kg]
64 h_l_cw = 742.6;
65 h_v_cw = 2772;
66
67 else
68 % T_input = 273 + 186;
69 p_cw = 1.19;
70
71 % Enthalpies of water at 11.9 bar and 186 degrees , [kJ/kg]
72 h_l_cw = 790;
73 h_v_cw = 2781;
74 end
75
76 % Cooling water
77 h_cw_0 = Props (’H’, ’P’, p_cw *1e3 , ’T’, T_cw , ’H2O ’);
78
79 % %%%%%%%%%%%%%%%%%% EVAPORATOR %%%%%%%%%%%%%%%%%%%%%%%%%%%
80
81 % Specific enthalpy for liquid and vapor ammonia , [kJ/kg ]. Ref: NIST
82 h_l_nh3 = -965.06; % T = -45degC , p = 0.545 bar
83 h_v_nh3 = 437.67;
84
85 % Energy balance evaporator where Q_e is the cooling demand .
86 %The required ammonia mass flow in the refrigeration cycle is calculated .
87 mf_nh3 = Q_e /( h_v_nh3 - h_l_nh3 );
88
89 % %%%%%%%%%%%%%%%%% GENERATOR %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
90
91 % Required heat input in generator
92 Q_generator = Q_e/COP;
93
94 % Required steam mass flow
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95 mf_gen = Q_generator /( h_v_cw - h_l_cw );
96
97 disp ([ ’Required mass flow of steam is ’, num2str ( mf_gen ), ’ kg/s’])
98
99 % %%%%%%%%%%%%%%%%% ELECTROLYZER %%%%%%%%%%%%%%%%%%%%%%%%%%%

100 %Need to heat the cooling water coming from the electrolyzer to T_input .
101 %Therefore , it is necessary to calculate how much heat is needed
102 %to produce the required steam flow , mf_gen .
103
104 % Enthalpies
105 h_l_el = Props (’H’, ’P’, p_cw *1e3 , ... %Hot water from elect .
106 ’T’, T_el , ’H2O ’);
107 h_v_el = h_v_cw ; % After heating up to T_input
108
109 % Available mass flow from electrolyzer
110 mf_el = Q_el /( h_l_el - h_cw_0 );
111
112 if mf_el < mf_gen
113 disp(’Mass flow from electrolyzer cooling is not sufficient ’)
114 return % Break if mass flow is not sufficient
115 else
116 disp ([ ’Available mass flow from electrolyzer cooling is ’, ...
117 num2str ( mf_el ), ’ kg/s’]);
118 end
119
120 % Required heat from hx2 to heat up to necessary temperature
121 Q_req_hx2 = mf_gen *( h_v_el - h_l_el );
122
123 % %%%%%%%%%%%%%%%%% HEAT EXCHANGER 2 %%%%%%%%%%%%%%%%%%%%%%
124
125 % Enthalpies
126 h_l_hx2 = h_cw_0 ; % Cooling water at ambient temp.
127 h_v_hx2 = Props (’H’, ’P’, p_cw *1e3 , ...
128 ’T’, T_hx2 , ’H2O ’); % Outlet cooling water conditions
129
130 %Mass flow of available water for heating the electrolyzer flow
131 mf_hx2 = Q_hx2 /( h_v_hx2 - h_l_hx2 );
132
133 %Heat that can be used for heating at the required temperature
134 Q_hx2_avail = -mf_hx2 *( h_l_cw - h_v_hx2 );
135
136 %Mass flow of water required from heat exchanger 2
137 mf_req_hx2 = -Q_req_hx2 /( h_l_el - h_v_hx2 );
138
139 disp ([ ’The required mass flow from heat exchanger 2 is ’, ...
140 num2str ( mf_req_hx2 ), ’ kg/s’])
141 disp ([ ’The available mass flow from heat exchanger 2 is ’, ...
142 num2str ( mf_hx2 ), ’ kg/s’])
143
144 % %%%%%%%%%%%%%%%% HEAT EXCHANGER 2 + INTERCOOLER %%%%%%%%%%%
145 h_l_ic = h_cw_0 ; % Inlet conditions intercooler
146 h_v_ic = Props (’H’, ’T’, T_IC , ... % Outlet conditions intercooler
147 ’P’, p_cw *1e3 , ’H2O ’);
148
149 %Mass flow in intercooler
150 mf_ic = Q_IC /( h_v_ic - h_l_ic );
151
152 %Heat that can be used for heating at the required temperature
153 Q_ic_avail = -mf_ic *( h_l_cw - h_v_ic );
154
155 % Mixing these two flows together
156 mf_hx2_ic = mf_ic + mf_hx2 ;
157 h_hx2_ic = ( mf_ic * h_v_ic + mf_hx2 * h_v_hx2 )/ mf_hx2_ic ;
158 T_hx2_ic = Props (’T’, ’P’, p_cw *1e3 , ... % Combined flow temperature
159 ’H’, h_hx2_ic , ’H2O ’);
160
161 % Required mass flow from heat exchanger 2 + intercooler
162 mf_req_hx2_ic = -Q_req_hx2 /( h_l_el - h_hx2_ic );
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163
164 disp ([ ’The required mass flow from heat exchanger 2 plus the intercooler is ’...
165 , num2str ( mf_req_hx2_ic ), ’ kg/s’])
166 disp ([ ’The available mass flow from heat exchanger 2 plus the intercooler is ’ ...
167 , num2str ( mf_hx2_ic ), ’ kg/s’])
168
169
170
171 end
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