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Abstract

Heavy-duty vehicles cause a significant percentage of the harmful gas emissions from the
automotive industry. This article presents the development of a compression system for
hydrogen as part of the HZREF-DEMO hydrogen refueling station, joining the European
efforts to promote hydrogen (Hj) as a fuel that can play a key role in the energy transition
of these types of vehicles. The H2REF-DEMO project, co-funded by the European Union’s
“Horizon. Europe” programme under the “Clean Hydrogen Partnership” (grant agreement
no. 101101517), involves a partnership between companies and research centers that aims
to investigate the possibility of compressing hydrogen through hydraulic power to handle
large vehicle refueling applications, such as bus fleet depots, trucks, or trains. The basic
principle is the exploitation of hydraulic power to compress hydrogen through hydro-
pneumatic bladder accumulators. The hydraulic power units, in fact, pump oil into the
accumulators, causing a deformation of the bladder containing H, and thus a consequent
gas compression. In this article, we focus on the development of the compression system,
from the theoretical starting point to the core final layout of the refueling station for
large vehicles. We also exploit a lumped parameter numerical model to both support
the system design and virtually test its first control logic. The latter, in particular, allows
the system to operate in three modes—Bypass, Parallel, and Serial modes—thus leaving
room for testing basic and more complex control strategies. The results of numerical
simulations demonstrate the effectiveness of this innovative compression technology and its
considerable efficiency in terms of refueling time and energy consumption, especially when
compared to the standard systems used for this application. These are thus encouraging
results that can support the development of an actual H2REF-DEMO hydraulic test rig for
hydrogen compression.
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1. Introduction

Energy transition is a central theme in contemporary research, and in particular,
energy vectors that can assist in energy transition have frequently been discussed in recent
years. Polluting air emissions pose a crucial challenge to human and environmental health,
and a large percentage of emissions comes from the automotive sector. New alternative
fuels and vehicles are needed to reduce our dependence on petroleum products and to
lower the carbon footprint of the transportation sector. Most alternative fuels on the market
today represent a great potential; however, they are estimated to be just a temporary energy
transition. Instead, hydrogen could become our primary zero-carbon transportation fuel in
the near future [1].

Hydrogen could be an important energy carrier playing a significant role in energy
transition of the present and near future. It is, thus, important to point out the main
properties of hydrogen. On the one hand, in fact, hydrogen is recognized as the most
abundant element in the universe, but on the other, several issues regarding its storage
and transport still need to be solved to fully employ it in automotive applications [2]. One
of the main challenges of working on auxiliary systems that support these alternative
vehicles concerns the design of a compression system for refueling. As depicted in Figure 1,
the compression module is the key element in conveying hydrogen from a source to
onboard tanks. Hydrogen is, in fact, the element with the lowest density (0.089 kg/m? at
atmospheric pressure and 0 °C [3]) and therefore requires either large storage volumes or
high compression to be consistent with automotive applications (storage in liquid form
would allow the use of smaller tanks, but it requires cooling to temperatures below —253 °C,
making the process energy-wasting) [4]. Depending on the type of application, hydrogen
for refueling is usually stored in a pressure range between 35 and 70 MPa.

Source Trailer Compression Module Dispenser Onboard Tank
—> @ ) IE]] —> E@me
O O (0. 0.0, @J;
50 MPa -45,000 L 40 MPa -26 kg

Figure 1. Simplified hydrogen refueling station workflow.

The main issue is that gas compression from hydrogen production to onboard tanks is
generally costly and energy-intensive. Considering production at 2 MPa, the theoretical
energy to compress hydrogen isothermally from 0.2 MPa to 35 MPa is approximately
1.05 kWh/kg and about 1.36 kWh/kg to reach 70 MPa [5]. However, the calculation
becomes more complex when considering factors such as a polytropic transformation,
different stages of compression, and a correction factor for real gases, leading to a less
favorable estimate. The energy consumption for hydrogen compression in practical sce-
narios can be greater than 5.6 kWh/kg if a pressure of 70 MPa is reached [6]. Moreover, in
real-world applications, there are numerous factors that increase these theoretical values,
such as friction, temperature increase or pressure drops during transportation [7]. The
main challenge is therefore to develop systems with cost and energy efficiency, making
fueling affordable.

Mechanical compressors are the predominant choice among the assortment of com-
pressors employed for this task. These compressors act by reducing the volume of the
chamber in which hydrogen gas is contained. The two most common types are recipro-
cating piston compressors and reciprocating diaphragm compressors [8]. Reciprocating
piston compressors (RPCs) are a consolidated technology where the reciprocating motion
of a piston in a cylinder compresses the gas. RPC systems in a multi-stage configuration
have the capability to compress hydrogen to elevated pressures. However, oil-free RPC
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systems have several limitations. First, the presence of moving components increases both
production and maintenance costs and produces noise and vibration. In addition, these
moving parts generate extra heat, which complicates the heat management processes. The
main drawback of hydrogen reciprocating compressors, however, is embrittlement. RPCs
are, in fact, susceptible to embrittlement, which often results in frequent seal ring failures
due to non-uniform pressure distribution [9].

Instead, reciprocating diaphragm compressors (RDCs) operate by deforming an elastic
diaphragm to compress hydrogen. A conventional method for mechanical compressors
involves consuming about 5 kWh/kg of energy during the compression process [9]. Recent
studies, however, have been developing control methods and models to improve the
efficiency of these systems [10-12].

It is important to note that mechanical compressors are not the only technology on
the market or in development for hydrogen compression [13]. As seen above, the low
energy density of hydrogen results in energy-wasting transformations through mechanical
compressors. Conversely, non-mechanical hydrogen compressors offer solutions with
limited moving parts, compact designs, and safe operations. Although these solutions are
still in the development stage, it is important to acknowledge their promising designs. One
promising alternative involves ionic liquid compressors, which use ionic liquid instead
of a conventional piston mechanism. Ionic liquid has two basic properties: virtually
unmeasurable vapor pressure and a high temperature range for the liquid phase. The latter,
together with the low solubility of some gases (such as hydrogen), makes ionic liquids
suitable for use as compression barriers. An ionic liquid piston compressor can achieve a
specific energy consumption of approximately 2.8 kWh/kg when compressing hydrogen
from 0.5 MPa to 100 MPa in five steps [14]. This level of efficiency is remarkable, as it
represents only about 25% of the specific energy consumption required by a reciprocating
compressor [9]. However, this technology provides a mass flow rate that is nearly one-third
of the target rate for a fast refueling process [15]. Another drawback of this technology is
its complex design, which is still under development [16,17].

Another alternative involves electrochemical hydrogen compressors, which operate
based on the same basic principles as those of proton-exchange membrane fuel cells (PEM-
FCs). At elevated pressures, high-pressure electrochemical compression faces significant
challenges due to hydrogen backscattering through the membrane, resulting in reduced
system performance. Therefore, although several studies have shown that this system has
the potential to reach pressures up to 100 MPa, it is not convenient from a practical and en-
ergetic point of view [18]. Recent studies have shown that electrochemical compressors are
better suited for low-pressure applications, with a maximum limit of 10-20 MPa in order to
achieve the optimal energy consumption and avoid critical operating temperatures [19,20].

Metal hydride compressors efficiently compress hydrogen without moving parts, such
as pistons or diaphragms. Metal hydrides are used to absorb and desorb hydrogen simply
through heat and mass transfer in the reaction system. However, the system’s efficiency is
relatively low (below 25%), as it is limited by the heat transfer between the heating/cooling
fluid and the metal hydride alloy. A two-stage compressor generally requires about
10 kWh/kg of energy, including unavoidable thermal losses [21,22].

The development of new green solutions is possible precisely because of the presence
of various hydrogen compression technologies, including hydraulic-based systems. The
latter have been widely studied and optimized to provide an effective and robust alter-
native that overcomes the limitations of traditional methods. Recent research shows that
employing hydraulic power in different application contexts can significantly improve
the efficiency, reliability and scalability of compressors [23-26]. Thus, this article presents
an overview of an innovative hydrogen compression technology using hydraulic power.
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The goal is to identify alternatives to conventional methods that can address the previ-
ously mentioned limitations. It is in this context that the H2REF-DEMO project started.
H2REF-DEMO is a project co-funded by the European Union’s “Horizon. Europe” pro-
gramme under the “Clean Hydrogen Partnership” (grant agreement no. 101101517) [27],
involving several companies and research centers. The project aims to further develop
and scale up by a factor of five the innovative compression concept developed in the
former H2REF project [28]. The former project investigated the capability of hydrogen
compression through hydraulic power, focusing on passenger vehicle refueling. Scaling
up of the system is necessary to handle large-vehicle refueling applications that require
hydrogen delivery rates of hundreds of kilograms per hour, such as refueling stations
for bus fleet depot, trucks or trains. The basic principle is exploiting hydraulic power to
compress hydrogen through hydro-pneumatic bladder accumulators. Pumping oil into the
accumulator deforms the bladder containing H; causing a consequent gas compression
and allowing it to be conveyed to the vehicle tank. The decision to use this technology
also relied on its intrinsic characteristics, including the energy density, robustness, and
proven reliability.

The following paragraphs present the basic functioning and subsequent development
of this hydro-pneumatic compression system in detail. We exploited a lumped parameter
numerical model to support the system design and decision-making process.

2. Hydrogen Compression Using Hydro-Pneumatic Accumulators and
Hydraulic Power Units

The starting point for the development of this new hydrogen compression system
involves the use of bladder accumulators that can expand and contract with the help of
hydraulic fluid entering and exiting the accumulator. These bladder accumulators must
have two separate inputs, one for oil and one for gas.

Figure 2 illustrates the basic operation of the simplified system consisting of a hy-
drogen source, a hydraulic accumulator, and a pressurized tank. Assuming a very-high
volume hydrogen source, we considered the source pressure psource to be nearly constant
during compression.

a.

H2 source

b.
tank > <H2 source

H2 side

oil side

[RE] = () )
Figure 2. Simplified system for H, compression from source to general pressurized tank: accumulator
filling (a) and Hy pumping (b). Orange lines and symbols indicate hydrogen equipment, while
blue ones indicate hydraulic equipment. Orange arrows represent hydrogen flow, while blue ones
represent oil flow. The open valves that allow flow passage are highlighted in color.

The oil side of the accumulator discharges to the hydraulic tank through an on/off
valve, which allows natural flow of gas from the source to the bladder until it is completely
filled at psource (a). The oil pumping phase inside the accumulator can start once the bladder
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is filled with gas. As the bladder volume decreases, the hydrogen pressure increases from
Psource to the tank pressure, py,,x. Once this threshold pressure is exceeded, the outlet check
valve opens, allowing hydrogen to enter the onboard tank as the bladder compression
continues (b). Of course, the tank pressure increases due to the introduction of hydrogen in
each cycle. This pressure increase impedes the natural flow from the hydrogen source to
the tank, making it necessary to use one or more compression modules.

Note that the preceding description is only a simplified and qualitative functioning
of the underlying concept of the new hydrogen compression system for refueling. In
fact, at this stage, we have neglected the thermal aspect of compression and the actual
compression ratio. However, these aspects will be crucial for the correct functioning of the
complete system.

The achievable compression ratio in a single compression stage (as the simplified
system depicted in Figure 2) has been limited to 3 due to technological issues. In fact,
greater values resulted in critical temperatures for hydrogen due to the heat of compression
during experimental tests. However, these temperatures are not critical for the gas itself [15]
but rather for the elastic bladder material, causing blistering and hydrogen permeation
through porosity. Consequently, rapid gas decompression tests were conducted at CETIM,
using different materials for the bladder. The material that was less sensitive to permeation
and undamaged after the test was selected based on these results. Taking the case study
of compression from a hydrogen source at 5 MPa to an onboard tank that needs to reach
approximately 40 MPa for a complete refueling [15] as reference, we must consider using
at least two compression units through hydro-pneumatic accumulators. For simplicity,
we will refer to these two compression units as Elementary Compression Units 1 and 2
(ECU1 and ECU2, respectively). It is important to note that we consider 5 MPa to be the
worst-case scenario, representing the minimum pressure level in an empty Hj source trailer.
An additional pre-compression step must be implemented if the source pressure drops
below this minimum value.

However, using the same number of accumulators in both compression units does
not allow for synchronized movement. In fact, with equal volumes, ECU1 requires more
cycles to fill the ECU2 accumulators at the intermediate pressure. This results in a highly
discontinuous flow because it is necessary to wait for all of the ECU2 accumulators to
fill before completing the compression and conveying H, into the vehicle tank. Thus,
we considered a layout where the number of accumulators in ECU1 and ECU2 allows
synchronized movement of the units. It was necessary to evaluate how many accumulators
are needed to compress Hj from ECU1 to ECU2 while maintaining a compression ratio
limited to about 3.0.

The result depends on the compression capability of the accumulators. Of course, the
bladder cannot be compressed to zero volume, so there will always be a dead volume. Using
as reference a bladder accumulator catalog [29], we considered a volumetric compression
ratio yy = Vfinal/vinitial =11/12 = 0.917.

H, volumes before (state 1, Equation (1)) and after (state 2, Equation (2)) the first
compression are as follows, where N is the number of accumulators associated to each
element of the second stage and 7y is the volumetric compression ratio.

Vi=Veemn=N-V (1)

Vo= =nv) Vecu1 + Vecuz = (1 =ny) - N-V+V )

Note that we considered that the quantity of H, executed by stage 1 after the first
compression to occupy the dead volume of ECU1 and the expanded unit of ECU2.
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Considering the compression to be a polytropic process where n = 1.3 [30], it is
possible to evaluate the volumetric compression ratio V;/V, referred to the maximum
compression ratio we want to achieve (i.e., p2/p1 = 3.0) in Equations (3)—(6).

p- V" = const 3)
pi-Vi' =p2-Vy (4)
1/n
(Vl) = (”2> ~233 (5)
V2 ) max P1

Then, it is possible to correlate the number of accumulators with the volumetric
capability by replacing V; and V, with the values defined for the first compression.

1/n
p2 _ N
<m> =0 ) NI ©)

Using ny = 0.917%, as previously defined, ensure that three accumulators provide

sufficient compression capability to slightly overcome the maximum compression ratio of 3.0.

1
N = ~289 3 )

(7)== 0)

Since the choice of three accumulators is only an approximation of the calculated

value, it is necessary to sacrifice the actual volumetric capability of the units to never exceed
the actual limit of a ratio of 3.0. It is also possible to calculate the actual v required with
three accumulators in ECU1 for each ECU2 accumulator by rearranging Equation (7).

1 W

v =1+ 5 =, =090 (8)

Note that this calculated value is nearly the exact compression ratio limit that is con-
sidered to avoid critical temperatures. Partners in the project are conducting experimental
tests to confirm that a 3:1 accumulator ratio allows for the synchronization of the stage and
the desired compression ratio.

Figure 3 shows the resulting scheme for ECU1 and ECU2, with the hydraulic part
omitted for clarity. Therefore, it is possible to synchronize the units and fully fill the second
stage by compressing the first stage using three accumulators in ECU1 for each accumulator
in ECU2.

ECU1 ECU2

H, source }— © —(  tank )

VEcu1=3V “ VEcu2=V

to HHPs

Figure 3. System with three accumulators in ECU1 (Vgcyp = 3V) and one accumulator in ECU2
(Vecup = V). Hydraulic power packs (HPPs) have been omitted. The symbol and color convention is
the same as Figure 2.
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3. H2REF-DEMO Layout for Hydrogen Compression

We could then design the refueling system layout starting from the theoretical study
concerning the correct number of accumulators to obtain the desired compression ratio
between the stages. Figure 4a depicts the final version of the considered layout, which
includes all the functional valves and features necessary for the correct functioning of
the system. As mentioned, this is just the final version of the system layout, which was
obtained through an iterative optimization process involving numerical simulations.

a.

()
o D

i O O O O i
o OO o |
Inter-stage
Ecul buffer {ECU2
X X | X X
X X X X
IR FTTTTTTTTTT !
b + lEcu1 b 1 ECU2
D) | HPP G I HPP
b e i Gt ] [
DR -
X Hx 1 X O

B G

m1999999 0g -

Inter-stage
buffer

Figure 4. Final layout (a) and simplified version (b) (without hydraulic rig) of the HZREF-DEMO
compression system. The symbol and color convention is the same as Figure 2.

Referring to Figure 4a, we can identify the main subgroups of the systems, namely:

* Hj source, which is a high-volume reservoir tank of hydrogen pressurized at the
desired initial pressure. The high volume allows the initial pressure to remain nearly
constant throughout the refueling cycle.

e ECU1, which consists of two sets of three accumulators each (Type I [31], shell con-
sisting entirely of metal) to achieve the desired compression as shown in the previous
paragraph. Having two sets allows for alternating movement (one set compressing
and one set expanding), resulting in a more constant outlet flow rate.

e ECU2, which consists of two sets of one accumulator each (Type I [31], shell consist-
ing entirely of metal) to achieve the desired compression as shown in the previous
paragraph. Thus, there is one ECU2 accumulator for every three ECU1 accumulators.

e Inter-stage buffer, positioned between ECU1 and ECU2, which intervenes when two
compression stages are needed, managing the excess or deficient flow rate from ECU1
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to ECU2. We selected a Type II [31] pressure vessel, which consists of a metallic inner
liner and an outer wrapping of synthetic material.

¢ Hydraulic power pack (HPP), which manages the oil entering and exiting the accumu-
lators. We selected three pumps for ECU1 (one for each compressing accumulator)
and two pumps for ECU2.

* Heat exchanger (Hx) 1 and 2, and corresponding chillers. Hydrogen cooling is a
fundamental aspect because the gas heats up when compressed and must be cooled
down before another compression or before being conveyed to the onboard tank to
satisfy safety regulations [15].

*  Vehicle tank. We considered a 2 x 625-L tank, which is a standard heavy vehicle tank.
This is a Type IV [31] tank consisting of a non-metallic inner liner made of composite
materials and an outer wrapping made up of carbon fiber.

Note that we used I and II in Figure 4a to distinguish the two sets of accumulators in
ECU1 and ECU2.

Concerning the accumulators in ECU1 and ECU2, we selected a 130-L accumulator
from the Hydac catalog [29] as reference. This accumulator seemed to satisfy all functional
requirements in terms of operating conditions.

We selected the inter-stage buffer volume as a trade-off point between reducing
pressure oscillations (larger volumes result in smaller oscillations) and avoiding significant
increases in energy consumption (larger volumes result in greater energy consumption). We
could make this choice thanks to a sensitivity analysis done through numerical simulations.

Table 1 shows the main parameters of the final H2REF-DEMO layout.

Table 1. Main parameters of the H2REF-DEMO layout.

Parameter Unit Value
ECU1 accumulator volume dm? 130 (x6 Type I [31])
ECU1 max operating pressure MPa 33
ECU2 accumulator volume dm? 130 (x2 Type I [31])
ECU2 max operating pressure MPa 42
Reference compression ratio - 3
Source pressure (worst-case scenario) MPa 5
Inter-stage buffer volume dm? 300 Type II [31]
Inter-stage buffer pressure MPa 14
Tank volume dm?3 1250 Type IV [31]
Tank final pressure MPa 35+ 40
ECU1 mechanical power kW 3 x 45
ECU2 mechanical power kw 2 x 55
ECU1 hydraulic pumps cc/rev 3 x 180
ECU2 hydraulic pumps cc/rev 2x71

Max displacement till
Hydraulic power control - max power, then

constant power

Liquid coolant temperature °C 5
H, line diameter in 9/16
Target cycle time s ~600
Hj; limit temperature °C 120
Hj limit temperature in onboard tank °C 85

The main subgroups of the H2REF-DEMO layout listed above were then connected
via hydraulic and pneumatic pipes to enable all working modes and ensure the complete
functioning of the system.
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The different working modes and an overview of the control logic that manages them
are presented in the following paragraph.

Figure 4b depicts a simplified version of the layout of the HZREF-DEMO compression
system, where the compression units ECU1 and ECU2 have been simplified, as well as the
corresponding hydraulic power packs.

4. H2REF-DEMO Functioning

The three main working modes considered for the HZREF-DEMO can be identified
as follows:

*  Bypass mode, which happens when the source pressure psource is higher than the
actual onboard tank pressure p;,,; allowing the natural flow from the former to the
latter. Note that the flow rate must be controlled not to exceed the feasible values
defined by the refueling protocols [15].

e  Parallel mode, which happens when a single stage of compression is sufficient to
convey Hj from the source to the vehicle tank. ECU1 and ECU2 work independently
in parallel at their maximum volumetric efficiency in a non-synchronized way to grant
the maximum outlet flow rate.

e Serial mode, which happens when two stages are needed to complete the hydrogen
compression from the source to the vehicle tank. In this mode, the two compression
units work in series and the control logic must ensure the synchronization between
the ECU2 expansion and the ECU1 compression, as the outlet flow rate of ECU1 is the
inlet flow rate ECU2. The inter-stage buffer must manage the underflow or overflow
from ECU1 to ECU2.

Parallel mode lasts until a threshold pressure pyjesnorq is reached in the vehicle tank.
Beyond this threshold, Serial mode is engaged. The threshold pressure must be adjusted so
that the compression ratio does not reach critical values in both ECU1 (Equation (9)) and
ECU2 (Equation (10)).

CRECUl _ Pthreshold (9)
Psource
CRpcyy = Ltk (10)
Pthreshold

In this way, it is possible to keep the gas temperatures in the accumulators controlled
below the critical temperature, which should not be exceeded for the aforementioned rea-
sons. Since we had to ensure a safe and robust threshold pressure throughout the possible
pressure range, we considered the worst-case scenario, which occurs when greater com-
pression ratios are needed (i.e., for low source pressure). However, we chose a compression
ratio slightly lower than the maximum one (i.e., 3) to guarantee safe and reliable operation
and to avoid exceeding that value during mode transitions.

Considering a source pressure of 5 MPa as the worst-case scenario and 2.8 as the
compression ratio, Equation (11) reports the calculated threshold pressure.

Pthreshold = CR - Psourcemin (11)

In this design phase, we thus selected a constant pressure of 14 MPa as threshold
pressure, as also reported in Table 1. As mentioned, this value ensures that the maximum
compression ratio of both ECU1 and ECU2 is not exceeded with any possible pressure
source. Naturally, the tank filling is faster during Parallel mode because all the accumulators
in ECU1 and ECU2 convey Hj, while only the accumulators in ECU2 do so in Serial mode.
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a.

H2

Figure 5 depicts the layout scheme highlighting the hydrogen path in the different
working modes (i.e., Bypass, Parallel and Serial mode). Note that we have reported the
compact version of the layout for the sake of simplicity.

b.

H2

source

ECU1

source

—— H2 H2
delivery delivery

A

|
:

- 000000 ) 60~

Inter-stage Inter-stage
buffer buffer

C.

source

u

>
I
x
=

Lo

Hx 2

- GOEE0E | B0 -

Inter-stage
buffer

H2
delivery

Figure 5. Working mode of H2REF-DEMO system on the simplified layout: Bypass (a), Parallel (b)
and Serial mode (c). The hydrogen paths are highlighted in blue. The symbol and color convention is
the same as in Figure 2.

5. System Model and Layout Performance for a Refueling Cycle

As anticipated, we developed and exploited a numerical model to make some choices
regarding the layout design. In fact, we proceeded with the step-by-step creation and
modification of a lumped parameter numerical model of the system concurrently with its
design process. The software used for modeling the considered system is the commercial
software Simcenter Amesim® (version 2304), specific for the lumped parameter simula-
tion of multi-domain systems. This approach not only provided a design support tool
capable of assessing the effect of various modifications, but also served as a virtual tool
for evaluating the system performance with reasonable accuracy, since many details of
the single components and a realistic control logic have been implemented in the model.
After defining the final system layout, it was possible to assess its performances in terms
of average hydrogen flow, energy consumption, and compliance with the several system
constraints during a refueling cycle.

5.1. Accumulators

We modeled the accumulator with two variable volumes: one on the oil side and one
on the H; side, which expand and compress reciprocally. Since we opted for a lumped
parameter approach, we had to simplify the complex movement and deformation of the
bladder responsible for expansion and compression.

For this reason, we explored two approaches to model the accumulators: one using an
equivalent linear actuator and the other using an actual elastic diaphragm that separates
the chambers and is parametrized with the mass of the bladder. The displacement of the
actuator or the deformation of the diaphragm is generated by the oil delivered by the
pump. Testing these two different approaches revealed that the small inertia of the bladder
influences the dynamic pressure by several orders of magnitude less than stationary forces.
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This led to completely similar results from the two models. Thus, we could thus decide to
use the equivalent linear actuator without losing reliability.

We also added an additional element to model the bladder capability to exchange
heat flux via convection with the Hj and oil ports and via conduction through the bladder
thickness itself (Figure 6). The general formulations behind the models to calculate the heat
flow h are reported in Equations (12) and (13).

H, variable volume

4
|
|
! l
| = 3
: 4| K2 o Bladder convection
I with H
L _#C 2
1 =] —— Bladder conduction
h_

| Bladder convection

- -

r
I

| | with oil
| !

I

|

Displacement of equivalent piston

Oil variable volume
Figure 6. Simcenter Amesim® model of the accumulator equivalent piston and bladder heat exchange.

*  Radial conduction through a cylinder with length /, thickness (r;;1 — 7;), conduction
coefficient of the material A and temperature difference AT:
-l

dh=A-2-— AT 12
In(riy1/7;) (12)

¢  Convection using as reference a flat plane geometry and calculation of the heat

flow h as function of the convective coefficient iy (expressed through the Nus-

selt number and conduction coefficient), the equivalent area A¢; and the temperature
difference AT:

dh = heopy - Aeq - AT (13)

In this way, it is possible to consider the contribution of the mineral oil to the cooling
of the hydrogen side in the model. This turned out to be a critical aspect that, if neglected,
will lead to the calculation of very high hydrogen temperatures inside the accumulators.

5.2. Pumps and Fluid Power Generator Groups

We considered hydraulic variable displacement pumps to be flow rate generators
whose flow rate depends on the displacement regulation. The speed of the pump shaft was
considered constant. Displacement control follows a constant power logic. We define the
maximum available hydraulic power as reported in Equation (14):

Phydmax = Qmux : Ap = Q . Apmax (14)

where P, is the hydraulic power, Q is the volumetric flow rate and Ap is the pressure
difference. Considering relative pressure (tank pressure equals to 0 MPa), Ap;;4y is equal
to Pmax, which is the maximum pressure at the pump delivery. The displacement and the
delivered flow rate remains at their maximum value until the actual power Py, 4 reaches
the value Pyy,,..- Then, they decrease according to the hyperbola curve of the constant
maximum power Py, ... Once the system reaches the maximum pressure Apjqy (defined
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by the pump catalog), the displacement is regulated not to exceed that pressure level. Note
that the maximum hydraulic power equals the mechanical power (Table 1) in an ideal case
where the efficiency of the pumps is 1. Figure 7 graphically illustrates the constant power
logic, where V is the pump displacement and # the rotational speed of the shaft.

Phyd = Qmax ' P

Q [1/min] ‘

>

Qmax = Vmax ' 1

Pmax P [bar]

Figure 7. Ideal characteristic curve of a hydraulic flow generator with constant power logic.

However, it was also important to include the pumps efficiency maps in the model,
since the efficiency of hydraulic pumps are influenced by both the operating conditions and
the displacement regulation. The latter, in particular, has a strong and negative impact on
the pump efficiency especially for displacements lower than 70% of the maximum value.

We considered reference efficiency maps available in the data sheet of some commercial
pumps with the appropriate size chosen for the system and tested different combinations.
This analysis led us to choose the correct pump size: smaller pumps operating at high
displacements, in fact, are preferable to larger pumps that operate at lower displacement,
especially for ECU2 where the system reaches higher pressure.

We selected three 180 cc/rev pumps [32] for ECU1, which needs a higher flow rate
to fill the two sets of three accumulators each, and two 71 cc/rev pumps [33] for ECU2,
which operates at a higher pressure and is not designed for low displacements with
low efficiencies.

Figure 8 shows how we used pump efficiency maps in the numerical model to evaluate
the correct flow rate Q to deliver towards the accumulators and the compression energy
consumption. Starting from the pressure signal p measured at the pump delivery, the fixed
maximum power at the shaft of the pump Py, and the maximum flow rate Q4 for the
selected pump at the desired rotational speed, it is possible to evaluate the actual fractional
displacement Q/ Qyuax (Equation (15)) and thus the correct flow rate Q (Equation (16)) by
considering the efficiency at the selected operating point in the 3D maps.

Q/Qmax = Q/Qmax(P/ Pmax) (15)

Q - Q/Qmax . Qmax (16)

It is also possible to evaluate the total efficiency #;,; (Equation (17)) from the 3D maps.
This value can be used to calculate the actual mechanical power P, and energy E,., for
compression, as reported in Equations (18) and (19).

Niot = Utot(pr Q/ Qmax) (17)
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Q-p
Htot

Pmech = (18)

Emech = /Pmechdt (19)

We adapted this approach to the different pumps we considered in ECU1 and ECU2,
using the corresponding maps [32,33].

Pmax Qmax

E’ Q/Qmax (P, Pmax) E

Ttot (p: Q/Qmax)

i / 1 / ;
l)mech S Emech

Q/Qumax”*
[null] -

120
100 100

o8

“04 ' Q/Qumax

[null] **

Phax

p
[bar] kW] [bar]

Figure 8. Example of 3D efficiency maps as function of the operating pressure and displacement and
creation of the relation between volumetric flow rate, pressure and power to be used in the model.

5.3. Heat Exchangers

Since the type and geometry of the necessary heat exchangers were initially unknown
in this first phase, we decided to exploit the model to gain useful information for the sizing
of the heat exchangers. This task was assigned to HRS, a partner of the H2REF-DEMO
project, which is specialized in hydrogen refueling stations.

Considering a perfect heat exchange with an external temperature source allowed
maintaining a desired temperature at the points where these ideal heat exchangers are
placed in the model. Note that the desired cooled temperature of the hydrogen is a key
design parameter because it determines whether it is possible to perform a fast refueling or
not [15].

In this way;, it was possible to estimate the average and maximum heat power Qo4
involved in the perfect heat exchange to obtain the desired temperatures. Heat exchangers
are considered highly efficient to simplify the discussion. Equation (20) depicts the calcula-
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tion of the total work Wy, of the heat exchangers using a coefficient of performance (COP)
of 3.

o Qcold
Wix = Gop

The heat exchanger work Wy, was then used to evaluate the specific cooling energy

(20)

during the H, compression. Moreover, since the model calculates the instantaneous volu-
metric and mass flow rates, it was also possible to determine the hot/cold fluid mass flow
rates involved in the heat exchange. As anticipated, the model was also used to obtain the
necessary information to correctly size the heat exchangers and then select the appropriate
equipment (heat exchangers and chillers) on the market.

In the model, as well as in the real system, we considered two heat exchangers: one
between the two ECUs (called inter-stage heat exchanger) and one upstream the dispensing
of hydrogen. The model results also allowed us to compare different positions of the heat
exchanger, upstream or downstream the inter-stages buffer, showing the differences of
these two design solutions. Positioning the intermediate heat exchanger upstream the
inter-stage buffer turned out to be the best solution because it ensures better temperature
control and reduces pressure oscillations within the buffer. Moreover, an upstream heat
exchanger avoids storing the hydrogen at high temperature after the first compression. Of
course, the model of the two heat exchangers can be improved with thermodynamic and
heat transfer details once the components have been correctly selected.

Finally, the inter-stage buffer and the final bus tank can naturally exchange heat flow
with the external air. We modeled this aspect considering both conduction through the
different material layers and convection with the external air and internal hydrogen.

5.4. Fluids/Materials
5.4.1. Hydrogen

Hydrogen was modeled following the Redlich-Kwong-Soave state equation [34]
available in Amesim®. This model has been validated against the NIST table of properties
for Nitrogen (a demo is available in the Help of Amesim® [35]).

5.4.2. Mineral Oil

The reference mineral oil is an industrial ISOVG46 oil. This oil has a viscosity grade 46,
i.e., its kinematic viscosity is 46 cSt at 40 °C. It is also referenced as HLP46 oil. Amesim®
provides a model that determines the absolute viscosity, specific heat, thermal conductivity,
expansion coefficient, density and Bulk Modulus of the fluid as a function of temperature
levels using tables [35]. The dependency on pressure is considered in the so-called equiv-
alent fluid model [36] implemented in the software. In fact, the system calculates the oil
properties as the average properties of liquid, free air if present (pressure lower than the
saturation pressure of the gas present in the liquid), liquid vapor if present (pressure at the
vapor pressure level), weighted on the volumes of liquid, free air and vapor. Aeration is
treated using a modified and dynamic Henry’s law. The vapor mass fraction that appears
during cavitation is pressure-dependent only (same behavior as the gas in the aeration
model) and follows a polynomial law.

5.4.3. Solid Materials

The elastomer of the bladder was chosen based on experimental tests performed by
CETIM (in Senlis, France) and Hydac (in Sulzbach/Saar, Germany) which are partners of
the project. The bladder material is characterized with properties listed in a dedicated data
file in the model. The density p [kg/m?], the specific heat at constant pressure ¢, [J/kg/K],
and the thermal conductivity A [W/m/K] are described in the file using polynomial
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regression expressions. The steel used for the accumulator shells and buffer bottles has
constant density, specific heat, and thermal conductivity. These properties were provided
by Faber [37], the manufacturer of the shells.

5.5. Control Logic
5.5.1. Accumulator Control

Figure 9a depicts the compression cycle of ECU1la with a source pressure of 5 MPa,
which occurs in a series of controlled steps.

b.
U ECU1 bladder volumes 0] ECU1 bladder volumes
] 250
1|~ ECU1a bladder H, volume - 3x130L [L] — ECU1a bladder H, volume - 3x130L [L]
J|— ECU1b bladder H, volume - 3x130L [L] 200 -| — ECU1b bladder H; volume - 3x130L [L]
: O 0600 15
. 100
. 50 -
] : }-Variable gap
] T — 1 0T - - T T 1
300 350 400 450 500 300 350 400 450 500
Time [s] Time [s]

Figure 9. Compression cycles during Series mode with, respectively, 5 MPa (a) and 9 MPa
(b) at source.

Initially, the system starts with filling the accumulator with oil (1). Once the predeter-
mined buffer pressure is reached within the accumulator, the pressure activates a check
valve, allowing hydrogen to flow into the buffer (2). Once the accumulator is completely
filled with oil, the system starts to fill it with hydrogen from the source while discharging
the oil. This process continues until the accumulator is fully filled with gas (3). After the
completion of this phase, the system enters a waiting period. During this time, the system
remains inactive until the ECU1b bladder is fully compressed (4).

Accumulator control logic is an essential component of our simulation model. It is the
set of rules, algorithms and decision processes that manage the correct functioning of the
accumulator filling and emptying phases. The logic must switch the hydraulic valves on
and off in response to signals from pressure and flow sensors, ensuring the just-presented
synchronization of phases.

However, a complete compression of the accumulator is not always necessary. In
fact, the control logic should define the compression rate according to different needs
(controlling the Hy maximum temperature, obtaining a nearly constant pressure inside
the buffer, ensuring synchronization). For example, in Serial mode, ECU1 can reduce its
volumetric efficiency to maintain a constant buffer pressure and decrease fluctuations of the
system’s internal pressure even with increased source pressure. Partial compression could
lead to more efficient synchronization between the compression units during sequential
work. Figure 9b shows the decrease in ECU1 compression as the source pressure increases
(e.g., 9 MPa).

5.5.2. System Control

We developed the control logic to manage the H2REF-DEMO system taking as input
the sensor signals (such as pressure and flow counters) and considering as outputs the
various system actuations (such as valve supply currents). A simplified control flowchart
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START

for the H2REF-DEMO functioning is shown in Figure 10, where it is possible to identify
the main decisions (diamonds) and states (rectangles). Of course, this is just a qualitative
flowchart, streamlined to be as clear as possible.

After an initialization phase, during which we must verify that the system is ready to
start (with source and tank connected), the control logic enters the filling subgraph and
chooses the correct working mode to use in the “check filling” state, as a consequence of
the boundary conditions (i.e., source and tank pressure). This check must be performed
continuously to ensure that the system switches to the correct working mode when needed.

The control logic selects Bypass mode entering in the corresponding state if the psource
allows the Hj to be naturally conveyed to the tank by pressure difference with p;,. If this
condition is not satisfied, the decision to use Parallel or Serial mode is based on whether
Ptank is greater than or less than pyesiors (Equation (11)). In this work, in fact, only one
compression stage is used until a fixed threshold pressure is reached, independent of the
filling conditions. The logic exits the filling loop and returns the system to its idle state
once the refueling is completed or if any generic failure or anomaly occurs.
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Figure 10. Control logic flowchart for H2REF-DEMO functioning.

Figure 11 shows the working areas of the three modes under consideration, imple-
menting the strategy with constant threshold pressure. Each point in the plane shows the
current boundary conditions of the filling, and each horizontal line represents a filling cycle.
Selecting a fixed threshold pressure of 14 MPa, therefore, results in a vertical straight line
that serves as the boundary between Parallel and Serial mode.

This strategy optimizes the system for the worst-case scenario of low source pressure.
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Figure 11. Filling path graph: control strategy with constant threshold pressure in relation to source
pressure and tank pressure variables.

6. Results

We report in this section the main results obtained with the just-presented numerical
model of the H2REF-DEMO system simulating the complete refueling of a 1250-L Type
IV [31] tank with 25 kg of H,. We considered different source pressures (i.e., 5,9, 11 MPa)
in the simulations to analyze the system behavior at different conditions. The system, in
fact, must ensure the complete refueling within the target cycle time and with competitive
energy consumption under all possible working conditions.

Figure 12 depicts an example of the main numerical results obtained for a refueling
cycle simulation. In particular, these data relate to the filling of the 1250-L onboard tank
using a 9 MPa Hj source. The onboard tank is initially almost empty at 2 MPa. Specifically,
the main data of interest are:

e  H, side volumes of the bladder for ECU1 and ECU2 accumulators,
e System pressures, namely:

- Source pressure,
—  Inter-stage pressure,
-  onboard tank pressure.

e Inner temperatures of ECU1 and ECU2 accumulators,
*  Hj) mass injected into onboard tank and flags indicating the actual mode of the system.

The “System pressure” graph of Figure 12 clearly illustrates the function of the inter-
stage buffer, which must manage the exceeding or missing flow rate between ECU1 and
ECU2 causing pressure oscillations.

The “H; mass and working mode” graph shows how Serial mode is the predominant
filling mode during this refueling cycle. This aspect is emphasized at high source pressure,
where Parallel mode can only work within a restricted pressure range from the source to
the fixed threshold pressure (i.e., 14 MPa). The choice of a constant threshold pressure also
impacts the volumetric efficiency of ECU1, as depicted in the “ECU1 bladder volumes”
graph. The selected pressure of 14 MPa, in fact, as stated in the paper, provides a good
balance for low pressure source as the ECU1 compression ratio (Equation (9)) is close to
2.5 + 3. This leads to an almost complete utilization of the ECU1 volumetric efficiency.
However, for higher source pressure, the ECU1 volumetric efficiency must drop to meet
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the fixed threshold pressure, as ECU1 can only compress the hydrogen from the source
pressure to this threshold pressure itself.

System pressure
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Figure 12. Simulation main results concerning a H2REF-DEMO refueling cycle with 9 MPa at source.

For example, in the case study with psource = 9 MPa reported in Figure 11, the ECU1
volumetric ratio equals to CRgcuy1 = Ptireshold/ Psource = 1.56. This lower ratio results in
partial fillings and incomplete compressions of ECU1 bladders in Serial mode, as shown in
the “ECU1 bladder volumes” graph already-mentioned.

Table 2 reports the main key performance indicators of the H2REF-DEMO system
obtained, simulating a complete refueling cycle starting from the previously mentioned
different source pressure (i.e., 5,9, 11 MPa). We considered both the main performances,
such as H; flow rate and energy consumption, and the system’s main constraints regarding
hydrogen temperatures, which must not exceed fixed values to meet the safety and material
requirements [15].

Table 2. Main performance KPI of the H2REF-DEMO layout for a refueling cycle with different
source pressure.

KPI Unit 5 MPa 9 MPa 11 MPa
Average H; flow rate kg/min 217 2.56 2.67
Compression energy kWh/kg 1.54 1.25 1.11
Cooling energy kWh/kg 0.17 0.13 0.12
Hj, max temp in ECU1 °C 114 91 94
H) max temp in ECU2 °C 118 110 109
Tank max temperature °C 82 83 84

Analysis of the system behavior at different conditions highlights how the low source
pressure scenario represents the worst-case condition, as it takes longer refueling time and
requires more overall energy consumption, of course. It was important to validate the
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performance of the system in the worst-case condition and then to evaluate the advantages
in the other situations. Higher source pressures, in fact, ensure both a longer Bypass mode
duration and a lower total compression ratio.

We thus obtained encouraging results, both meeting all the system constraints re-
garding the hydrogen temperatures and proving the system’s performance is competitive
compared with the standard technologies. The goal in this first phase, in fact, was not to
demonstrate that this system is effectively better than other technologies, but rather that it
can achieve competitive consumptions given this specific application and its constraints on
refueling time. Moreover, the model can be improved with an optimized logic and further
details that we are still missing in this phase, which can make it more accurate regarding
the actual energy consumption and more precise for a direct comparison with other tech-
nologies. Figure 13 also shows a comparison between the three considered refueling cycles
by using the graph introduced in Figure 11.
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Figure 13. Comparison between the three considered refueling cycles on the filling path graph.

It is easy to note how the three cycles have different Bypass and Parallel phases. In
particular, again, the higher the source pressure, the longer the Bypass phase, resulting in a
shorter Parallel mode. This occurs because the selected threshold pressure for switching
between Parallel and Serial mode was set as constant (i.e., 14 MPa), thus causing an equal
Serial mode in all the three simulations.

Note that this is not a digital twin model validated against experimental results of
the complete system obtained from the final layout. Instead, it is a numerical tool used
properly to support the design and the decision making concerning the main subsystem
and components, and the definition and verification of the control logic. In a second phase,
when the compression system will be ready to operate, the model can be improved with
further details to become a real digital twin. In fact, we are already working to make the
model able to interface directly with the PLC controller that will manage the real system.
All these aspects can be topics of future work.

7. Conclusions

In this paper, we presented an innovative concept layout for hydrogen compression
and refueling using hydro-pneumatic bladder accumulators on which the European project
H2REF-DEMO is based.

Starting from the system requirements, as shown, we concurrently designed and
developed the system layout and its lumped parameter model. This integrated approach
facilitated informed decisions on the system functioning, hardware sizing, and working
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parameter values. Once we completed the numerical model also integrating the control
logic, it was possible to virtually test the compression system under various working
conditions to ensure its correct functioning throughout the possible scenarios.

In particular, we reported in this paper the main results concerning three refueling
cycles of a 1250-L onboard tank with 25 kg of hydrogen at different source pressures. The
results highlighted how the system and the developed control logic adapts to different
scenarios, ensuring good numerical results in terms of maximum hydrogen temperatures,
average Hj flow rate (and thus refueling time, which is close to 10 min for all the conditions),
and most importantly, energy consumption. It is, in fact, mandatory to achieve competitive
values of compression and cooling consumption to justify an innovative refueling method
with respect to the standard and already-available ones.

Another important aspect to highlight is the modularity of the H2REF-DEMO pre-
sented layout. It possible, in fact, to add another compression unit upstream the presented
system to compress Hj from the production, usually at 2 MPa, directly to the vehicle tank,
while consistently keeping the compression ratio below critical values.

The numerical simulation, however, also highlighted some limits of the actual control
logic. The threshold pressure value that defines the transition from Parallel to Serial mode
seems to be the main aspect requiring optimization. A constant value, in fact, can be
optimized for just one source pressure as done for the worst-case scenario, leading to
partial fillings and thus to the non-use of the full volumetric efficiency of the system in all
the other pressure values.

We are thus already testing different solutions, with variable threshold pressure
optimized according to the current source pressure value. The optimization of this threshold
pressure, however, is not a straightforward activity as it must consider as an objective
function the improvement of the system consumption, which may not happen by exploiting
the full volumetric potential of the system. This new strategy must also be tested and
compared with the previous ones to assess the best choice for the KPIs while maintaining
a logic that is easy to implement and debug for the next stage of the work in the project,
which aims to create the physical refueling station. For these reasons, this optimization will
be the subject of an upcoming, ongoing work.
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