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Abstract: Hydrogen compression is a critical process in hydrogen storage and distribution,
particularly for energy infrastructure and transportation. As hydrogen technologies expand
beyond limited industrial applications, they are increasingly supporting the green econ-
omy, including offshore energy systems, smart ports, and sustainable marine industries.
Efficient compression technologies are essential for ensuring reliable hydrogen storage and
distribution across these sectors. This study focuses on optimizing hydrogen compression
using a Liquid Piston Hydrogen Compressor through numerical simulations and scaling
analysis. The research examines the influence of compression chamber geometry, including
variations in radius and height, on thermal behavior and energy efficiency. A computational
model was developed using COMSOL Multiphysics® 6.0, incorporating Computational
Fluid Dynamics (CFD) and heat transfer modules to analyze thermodynamic processes.
The results highlight temperature distribution in hydrogen, working fluid, and chamber
walls at different initial pressures (3.0 MPa and 20.0 MPa) and compression stroke dura-
tions. Larger chamber volumes lead to higher temperature increases but reach thermal
stabilization. Increasing the chamber volume allows for a significant increase in the perfor-
mance of the hydraulic compression system with a moderate increase in the temperature
of hydrogen. These findings provide insights into optimizing hydrogen compression for
enhanced production and broader applications.

Keywords: hydrogen compression; liquid piston compressor; numerical simulations of
the thermodynamic process; CFD modeling; scaling of the chamber dimension; increasing
productivity

1. Introduction
In recent years, European countries have increasingly focused on enhancing the share

of hydrogen energy in their energy mix. This transition is driven by a desire to decelerate
growth and reduce the consumption of fossil fuels [1,2]. Hydrogen addresses three critical
energy challenges: reducing greenhouse gas emissions, enhancing energy security, and
lowering air pollution levels [3]. While industry sectors like chemical production and
refueling stations remain primary areas for hydrogen utilization, emerging applications in
marine transport, offshore wind-to-hydrogen systems, and port infrastructure are further
expanding hydrogen’s role in clean energy transitions. These developments support the sea-
based blue economy, promoting sustainable use of marine resources while contributing to
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economic growth and environmental protection [3–8]. In 2023, global hydrogen production
reached 97 million tons, with less than 1% classified as low-emission. However, projections
suggest that low-emission hydrogen production could increase to 49 million tons per
annum by 2030. This increase necessitates compression systems capable of managing
substantially larger volumes and increased throughput [9].

The high energy density of hydrogen and the technical feasibility of its production
through water electrolysis allow for the creation and storage of energy reserves [10]. As a
result, the development of efficient, economically viable, and safe hydrogen production and
utilization technologies has become a key focus for the future hydrogen economy [11–13].
Despite its advantages, hydrogen presents several challenges. It requires additional energy
for production and has the lowest volumetric energy density compared to other com-
monly used fuels [14]. These limitations underscore the need for efficient solutions for its
production, storage, and transportation [15–20].

Compressed hydrogen is one of the most promising energy carriers, essential for
advancing energy storage capabilities and establishing a robust foundation for a sustainable
energy sector. The process of hydrogen compression not only facilitates its integration into
the existing energy infrastructure but also significantly enhances the efficiency of storage
and distribution systems [21]. By increasing the volumetric energy density of hydrogen
through compression, it becomes more practical for a diverse array of applications—from
industrial processes to power hydrogen fuel cell vehicles. This increase in density is crucial
for the economic and operational feasibility of hydrogen use across various sectors [22–26].

Recent studies have highlighted the importance of optimizing compression technolo-
gies for hydrogen storage and energy systems, emphasizing thermal management and
system scalability [27–33].

Hydrogen compression involves various types of compressors, each tailored to specific
operational demands. Mechanical compressors like reciprocating pistons and diaphragms
are traditionally used for their high-pressure capabilities despite their inefficiencies and
high maintenance costs [34–36]. Centrifugal compressors, however, offer more efficient
and contamination-free operations due to their oil-free designs, although they come with
higher initial costs and complex design considerations [37,38]. Furthermore, innovative
technologies such as Metal Hydride Hydrogen Compressors and Electrochemical Hydro-
gen Compressors are emerging [39–44]. Each type of compressor presents unique benefits
and challenges. Extensively detailed in the literature [45–48], these hydrogen compression
technologies are analyzed for their operational principles, strengths, and limitations, pro-
viding a comprehensive understanding of their roles in the broader context of hydrogen
infrastructure development.

Despite the extensive exploration of various hydrogen compression technologies,
this paper focuses on the Liquid Piston Hydrogen Compressor. LPHCs represent a sig-
nificant advancement in hydrogen technology by leveraging the unique properties of a
liquid piston, which offers a more efficient and less abrasive alternative to traditional
mechanical compressors [49,50].

Liquid piston technology facilitates near-isothermal compression, meaning that the
temperature within the compression chamber remains relatively stable throughout the
process [3]. This stability is achieved as the heat generated during hydrogen compression
is absorbed by the liquid medium, optimizing energy use and reducing thermal stress on
the system. This method not only enhances the efficiency of the compression process but
also extends the operational lifespan of the compressor [21].

Additionally, the scalable nature of LPHCs allows for flexible operation across a
wide range of applications, from large-scale industrial hydrogen storage solutions to
smaller, more localized hydrogen refueling stations for vehicles. This adaptability, cou-
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pled with reduced mechanical wear and the potential for lower maintenance costs, po-
sitions liquid piston compressors as a key technology in the development of sustainable
hydrogen infrastructure.

The liquid piston is not a new concept, with its earliest known application dating back
to 1906 in an internal combustion engine used for pumping water, known as the Humphrey
pump. This pump operated on the Atkinson cycle and demonstrated efficiencies of 5% to
10% [51,52]. Based on this foundational technology, the modern concept of liquid piston
gas compression employs a column of liquid to compress gas directly in a fixed-volume
chamber. Once the compression stroke is complete, the heated fluid is channeled from the
compression chamber into the heat exchanger, where it is cooled. This approach offers
advantages over reciprocating compressors in terms of cooling, as there is no need for
external heat exchangers on the compression chambers [53].

The use of a liquid piston eliminates gas leakage from the compression chamber
and removes the friction associated with mechanical sliding seals found in conventional
compressors, thereby improving the efficiency of gas compression. Using a simplified
model, it has been demonstrated that this approach can increase compression efficiency
from 70% to over 84–86% [54]. Liquid piston compressors are particularly advantageous
for hydrogen compression due to their ability to handle high pressures and reduce the
impact and vibration of the piston, making them suitable for applications such as hydrogen
refueling stations and hydrogen storage [55–57]. Further investigation of thermodynamic
processes in the hydrogen hydraulic compression system through numerical simulation
and analysis of results can allow estimation of energy consumption and determination
of conditions, which would lead to increased efficiency of operation of the considered
hydrogen hydraulic compression system [58].

In the context of developing sustainable energy technologies, particular attention is
given to effective methods of hydrogen compression [59–62]. This article examines the
scaling of the working chamber in a liquid piston hydrogen compression system, enabling
the optimization of compression processes across a range of industrial applications.

Previous studies on hydrogen compression systems have mainly focused on mechan-
ical compressors or idealized liquid piston concepts without systematic investigation of
chamber geometry scaling. This work addresses the research gap by analyzing the influ-
ence of chamber dimensions and compression duration under constant compression ratio
conditions using CFD simulations. The study contributes insights into the coupling be-
tween chamber size, heat transfer behavior, and energy efficiency in liquid piston hydrogen
compressors, aiming to support the development of optimized compression systems for
high-pressure hydrogen storage applications.

Specifically, this study systematically investigates the influence of compression cham-
ber scaling under constant compression ratio conditions, analyzing how chamber size and
compression stroke duration affect thermal behavior and energy efficiency.

The study focuses on modifying geometric parameters—specifically, the radius and
height of the chamber—to analyze their impact on hydrogen compression performance.
This approach not only improves the technical characteristics of the system but also provides
essential data for developing more efficient and cost-effective solutions in the fields of
hydrogen storage and transportation.

We would like to note that the initial concept of this research was first presented at
the 2023 European Conference on Renewable Energy Systems (ECRES 2023), held in Riga,
Latvia, from 18 to 20 May 2023: “Study of Thermodynamic Processes of Hydraulic Com-
pression of Hydrogen by Numerical Simulation”. That earlier work included a preliminary
analysis focused solely on chamber height. In contrast, the present manuscript provides a
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comprehensive analysis that simultaneously considers chamber radius, height, and volume,
supported by refined modeling and extended simulation results.

In Section 2, the design and operation of the compressor are described, which uses liq-
uid pistons to achieve higher compression ratios with reduced energy loss and mechanical
wear. Section 3 presents a description of the numerical model and shows the distribution
of temperature in hydrogen, the liquid, and the chamber walls over the duration of a
single compression stroke. In Section 4, the impact of scaling the volume of the hydrogen
compression chamber on thermodynamic processes and ways to enhance productivity are
examined. Section 5 summarizes the research results, which are of interest for the design of
the hydraulic compression system.

2. Hydrogen Compression Using a Liquid Piston System
The developed system advances the liquid piston concept for hydrogen compression [63].

Figure 1 illustrates the compressor, which uses liquid pistons to achieve higher compression
ratios with reduced energy loss and mechanical wear. The system design is focused
on applications that require high reliability, such as refueling stations and large-scale
hydrogen storage.

 

Figure 1. Schematic diagram of the connection between the working cylinders and the hydrogen
tanks in the hydraulic compressor: H2—low-pressure hydrogen tank; V1–V3—compression cylinders;
V4—high-pressure buffer cylinder; T1—working fluid tank; P1—hydraulic pump; S1–S13—servo
valves; D1–D3—flow meters; D4–D6—optical sensors.

As shown in Figure 1, the system includes a low-pressure hydrogen storage tank, H2,
that feeds into two primary stage cylinders, V1 and V2, and one secondary stage cylinder,
V3, followed by a high-pressure storage cylinder, V4. These components are connected by
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pipelines and controlled by a hydraulic system that includes a tank T1 with working fluid
powered by a high-pressure pump P1.

Operation is managed by servo-controlled valves S1 to S13 that direct the flow of hydro-
gen and hydraulic fluid. Flow meters D1, D2, and D3 monitor and control compression ratio,
while optical sensors D4, D5, and D6 ensure precision and system integrity. The hydrogen
fills the cylinders at the start of each cycle, followed by the working fluid to compress the
gas. After compression, hydrogen moves to the next stage or into high-pressure storage,
optimizing efficiency and reducing energy waste.

The operational sequence continues with hydrogen pressure in cylinder V3 equalizing
with cylinders V1 and V2. When this occurs, valves S3 and S9 open to allow the working
fluid into V3 and transfer compressed hydrogen to buffer cylinder V4, controlled by the
flow meter D3. As hydrogen exits V3, valve S8 opens to refill it from V1 and V2, with optical
sensor D5 indicating when to close S8. This cycle allows efficient hydrogen to accumulate
in buffer cylinder V4, subsequently directed to a refueling station dispenser via valve S13.
Valve S11 allows the pump P1 to operate while other valves are closed, ensuring continuous
fluid flow.

The system compresses hydrogen to pressures between 50.0 MPa and 100.0 MPa,
making it suitable for refueling stations for hydrogen-fueled vehicles, as well as for trans-
portation, various industrial applications, maritime sectors, port operations, and offshore
energy systems. The primary focus of this system is the hydrogen compression working
chamber, which is crucial for both performance and safety [64,65]. A detailed analysis of
this chamber will be provided in the following section.

The proposed system employs digital sensors to monitor and control the flow rate of
the working fluid within the compression chambers. This feature facilitates the dynamic
adjustment of hydrogen compression levels to adapt to varying operational conditions,
such as those associated with intermittent renewable energy sources.

Adjusting the compression system dynamically optimizes time and energy consump-
tion by modifying the compression stroke length and the compression ratio. This adjust-
ment also aids in managing heat dissipation, which in turn leads to a reduction of the
cooling costs associated with the system.

Various configurations of the compression chambers are explored, including options with
one, two, and three chambers. A configuration with three chambers, divided into two stages,
is capable of handling a wide range of hydrogen pressures, maintaining up to 70.0 MPa at
the outlet with inlet pressures that vary from 0.1 to 3.0 MPa. The size and volume of the
compression chambers are tailored based on the required output and power needs.

3. Numerical Simulation of Hydrogen Compression in a Chamber
The hydrogen compression process in the chamber has been numerically simulated us-

ing COMSOL Multiphysics® software, which incorporates CFD and Heat Transfer modules.
The reference computational model is a semi-symmetric stainless-steel chamber, detailed
as follows (Figure 2):

• Dimensions: height h = 145 mm, inner radius r = 50 mm, wall thickness w = 5 mm.
• Volume v = 1.14 L.

The initial conditions define hydrogen at pressures of P1 = 3.0 MPa or 20.0 MPa and
a temperature of 300 K at the beginning of compression. The liquid piston and chamber
walls are also included in the thermal analysis.

The construction of the calculation model is carried out within the framework of the
assumptions that the thermal conductivity of the working fluid is significantly lower than
the thermal conductivity of hydrogen and that during the process of filling the compression
chamber with the working fluid, there is no turbulence and mixing between the media.
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In the numerical model, the liquid piston was considered a quasi-incompressible and
mechanically stable medium.

Figure 2. Reference computational model of the stainless-steel compression chamber, where hydrogen
is compressed by the working fluid entering from below. The figure shows the mesh distribution
used in the simulation, including refined grid cells in the central region and along the gas–liquid
interface boundaries.

A 2D axisymmetric approach was adopted to reduce computational costs and simplify
meshing without compromising accuracy [66].

The simulation captures the thermodynamic behavior of hydrogen, considering heat
exchange among the gas, the working fluid, the chamber walls and the external environ-
ment. The numerical simulation solves the conservation equations of mass, momentum
(Navier–Stokes), and energy. Hydrogen gas is modeled as an ideal gas. The liquid piston
is treated as a moving boundary without internal mixing or turbulence. Heat transfer is
modeled through conduction within the gas, liquid, and chamber walls and convection
at external surfaces. These assumptions simplify the model while preserving accuracy in
capturing the key thermodynamic behavior. The transient heat transfer equation used in
the model is:

y = ρCp
∂T
∂t︸ ︷︷ ︸

internal energy

+ ρCp
→
u ·∇T︸ ︷︷ ︸

convection

+∇·(−k∇T)︸ ︷︷ ︸
conduction

(1)

where:
k—thermal conductivity.
Cp—the specific heat capacity.
→
u —the velocity vector.
T—the temperature.
∂T
∂t —the rate of change of temperature over time.

Accurate simulation results depend on the physical properties of hydrogen, the work-
ing fluid, and the stainless-steel chamber. These properties—such as molar mass, heat
capacity, thermal conductivity, and density—are detailed in Appendix A.
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The height of the liquid column is determined based on the chamber volume and a
compression coefficient Kc = 5.0. Figure 2 illustrates the location of the liquid piston within
the chamber, showing the grid cell distribution in the central region and at the boundaries
of the gas-liquid interface.

In the chamber, the fluid and gas compress together. The liquid’s higher density and
specific heat capacity enhance heat absorption. In the numerical model, the initial height of
the liquid column is set as a constant value of 100 mm in the base model to establish the initial
conditions and simplify the setup (Figure 3). However, during the compression process, the
liquid column height incrementally increases as the liquid piston rises and compresses the gas.
This dynamic change in the liquid column height is accounted for in the simulation through
discrete volume changes over time. Figure 3 illustrates the temperature distribution within
the compression chamber at different time points during a single compression stroke.

   
(a) (b) (c) 

Figure 3. Temperature distribution of hydrogen in the working chamber during a single compression
stroke: (a) t = 5 s, (b) t = 15 s, (c) t = 20 s. A common temperature scale ranging from 300 K
to 550 K is applied to all subfigures to illustrate the dynamic temperature changes during the
compression stroke.

The form geometry module is used for the gas domain. The mass of the gas is
conserved in this domain, and heating due to the compression of the gas is introduced as
a volumetric heat source, which goes into the temperature equation. In this model, we
use prescribed liquid piston motion with constant velocity. To save time in the calculation,
we do not change mesh after every time step, but instead, we use deforming mesh, which
means that the same number of cells is conserved, but the aspect ratio of the cells changes
during the compression process. Although a formal mesh independence test was not
conducted due to computational constraints, the mesh density and refinement were chosen
according to best practices for CFD simulations, ensuring accurate resolution of heat
transfer processes, similar to the approach discussed in [67].

The numerical model incorporates several simplifying assumptions to maintain com-
putational feasibility. Hydrogen is modeled as an ideal gas; turbulence and mixing effects
at the gas-liquid interface are neglected, and a fixed deforming mesh is employed without
dynamic remeshing. While these assumptions enable efficient computation, they may
introduce minor deviations in the simulation results, especially under high compression
ratios and rapid transient conditions.

The model does not consider the increase in chamber wall temperature due to heat
accumulation, as the compression process at the end of each stroke assumes cooling of the
liquid and the external surface of the chamber back to initial values.

At the beginning of the compression process, the hydrogen temperature is 300 K. Figure 3a
(t = 5 s) shows the early stage of compression, where the temperature distribution remains
relatively uniform, but slight heating is noticeable in the upper region of the chamber. The
working fluid is already moving, and compression is in progress. As compression continues
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(Figure 3b, t = 15 s), localized heating becomes more pronounced in the upper part of the
chamber, where hydrogen is most compressed. The temperature reaches approximately 400 K,
forming a noticeable thermal gradient. At the final stage of compression (Figure 3c, t = 20 s),
the highest temperatures, exceeding 500 K, appear near the top of the chamber. This confirms
the formation of a strong thermal gradient, with the hottest region in the compressed hydrogen
zone. These results highlight the dynamic thermal behavior of hydrogen during compression,
emphasizing the need for effective thermal management to prevent excessive temperature rise.

The primary objective of these simulations was to analyze temperature variations
within the hydrogen, working fluid and chamber body. The model simulates discrete
volume changes by increasing the working fluid level with a certain increment, assuming a
uniform distribution of gas and fluid properties over time. Discrete changes were set at
time steps of ∆ts = 0.01 s.

The superposition method was employed to analyze temperature increases in each
medium separately, assuming that the heat source is solely the compressible hydrogen [58].
The model predicts the maximum temperature achievable by hydrogen, highlighting the
differences in temperature dynamics when gases and fluids do not mix as specified. Real
compression scenarios, where gas and fluid intensively mix up, typically have faster heat
transfer from gas to fluid [68,69].

From the model, we note the temperature distribution in each domain, which can then
be averaged by calculating the average temperature of the domain and the total amount of
heat going into each domain.

Figure 4 presents the temperature variation over time during a single compression
stroke for hydrogen (a), the working fluid (b), and the chamber walls (c) at an initial
pressure of 20.0 MPa and a compression coefficient of Kc = 5.0.

  
(a) (b) 

(c) 

Figure 4. Temperature increases during a single compression stroke at an initial hydrogen pressure of
P1 = 20.0 MPa and a compression ratio of Kc = 5.0: (a) hydrogen, (b) working fluid, and (c) chamber walls.
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The rapid temperature rise (Figure 4a) is attributed to adiabatic compression, where the
reduction in volume leads to significant gas heating. The exponential-like trend indicates
that as compression progresses, the temperature increase rate accelerates, particularly in
the later stages. In contrast to hydrogen, the working fluid (Figure 4b) experiences only a
moderate temperature rise, reaching around 304 K after 20 s. The relatively low warming
is due to the high heat capacity of the liquid, which effectively absorbs heat from the
compressed hydrogen. This demonstrates the fluid’s role in thermal regulation, helping to
mitigate excessive temperature buildup in the system. The temperature of the stainless-steel
chamber walls exhibits the slowest increase (Figure 4c), reaching only 302.8 K at the end of
compression. The minimal temperature rise is attributed to the high thermal inertia and
conductivity of the chamber material, which allows gradual heat dissipation. This suggests
that the chamber structure plays a secondary role in heat absorption, with most heat being
managed by the working fluid.

Figure 5 presents the variation of pressure (a) and density (b) of hydrogen over time
during a single compression stroke at an initial pressure of P1 = 20.0 MPa and a compression
coefficient of Kc = 5.0.

 
(a) (b) 

Figure 5. Pressures change during a single compression stroke at P1 = 20.0 MPa and Kc = 5.0 (a).
Density ρ changes during a single compression stroke at P1 = 20.0 and Kc = 5.0 (b).

The hydrogen pressure exhibits a nonlinear increase. Under the accepted assumptions,
where the media do not mix during the compression process, the calculated pressure
value can reach approximately 170.0 MPa at the end of the 20-s compression stroke, as
estimated using the ideal gas law for adiabatic compression and following the approach
described in [58]. This behavior follows an exponential-like trend, indicating that as
compression progresses, the pressure increase rate accelerates. The sharp rise in pressure
in the later stages is a result of gas volume reduction, consistent with the principles of
adiabatic compression.

However, it should be noted that under real conditions, due to the dynamic processes
of the chamber cavity being filled with liquid, intensive cooling of the hydrogen occurs. As
a result, the temperature of the hydrogen decreases and is determined by the temperature
of the liquid, allowing the hydraulic compression process in the chamber to be considered
close to isothermal [50].

Similarly, the hydrogen density shows a gradual increase in the initial phase, followed
by an accelerated rise as compression continues. The final density reaches approximately
ρ = 80 kg/m3. This trend is directly correlated with the pressure increase, as hydrogen,
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being a compressible gas, experiences a significant rise in density when subjected to high-
pressure conditions.

The model’s adaptability was tested under various initial pressure and volume condi-
tions, demonstrating its flexibility across different operational scenarios. These findings
highlight the importance of chamber design optimization and thermal management strate-
gies to enhance performance. Further details on the computational model and the obtained
data are available in [58].

This model was also used to investigate and analyze how different compression
chamber geometries influence the final gas temperature during compression. By analyzing
these effects, it is possible to estimate the energy consumption required to achieve a specific
compression ratio while also considering the impact of compression speed on the process.

4. Dimension Scaling of the Hydrogen Compression Chamber
The scaling of the volume of the hydrogen compression chamber in a liquid piston hy-

drogen compression system is a critical design aspect that directly impacts efficiency, perfor-
mance, and operational stability [56]. The chamber’s dimensions must be carefully selected
to achieve the required compression ratio, ensuring the desired hydrogen pressure at the
outlet. The size of the chamber plays a key role in this process, as it controls the movement
of the liquid piston, influencing the chamber’s volume and compression efficiency [29].

Several factors determine the appropriate chamber dimensions. The initial volume must
accommodate the required hydrogen intake while ensuring efficient compression [70,71].
Hydraulic system capacity must be sufficient to drive the liquid piston smoothly, while
hydrogen flow rate requirements dictate the chamber size needed for optimal gas process-
ing. Additionally, operating pressure and temperature affect gas density and compression
characteristics, necessitating structural considerations for high-pressure durability [72].
The choice of materials influences chamber durability, weight, and thermal management,
while optimized scaling helps minimize energy losses and mechanical wear [73,74].

To develop an efficient, reliable, and cost-effective hydrogen compression system
suitable for industrial and refueling applications, careful adjustment of the compression
chamber’s dimensions is crucial. This study focused on the impact of varying chamber
geometries, particularly the working volume and size, on the final gas temperature during
compression since the compression ratio is fixed at Kc = 5.0, the investigation aimed to
optimize energy usage by adjusting the compression speed while maintaining this ratio. By
analyzing different chamber designs, we sought to enhance system efficiency and improve
thermal management during the compression process.

The modeling results enable the assessment of extreme temperatures that might occur
within the compression chamber, aiding in the design of optimal chamber dimensions to
mitigate adverse thermodynamic effects.

The results of the numerical simulation are aimed at studying the energy costs and
power consumption required for selecting a liquid pump drive motor and assessing the
magnitude of the increase in the average gas temperature.

The compression chamber was modeled in various configurations, ranging in height
from 145 mm to 725 mm, each with a constant wall thickness of 5 mm and an inner radius of
50 mm. The chamber heights were selected by exactly doubling, tripling, and quintupling
the initial base model (145 mm) to enable a parametric study of the influence of chamber
size on the thermodynamic behavior during hydrogen compression. Additionally, chamber
radius variations from 50 mm to 125 mm were examined while maintaining a constant
height of 145 mm. This analysis helps in understanding how changes in chamber height
and radius influence the compression dynamics depending on the compression time, which
is detailed in Figures 6–9.
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Figure 6. Temperature increase ∆TH in hydrogen for different compression stroke durations ts at an
initial pressure of P1 = 3.0 MPa, and a compression ratio of Kc = 5.0. The compression chamber height
varies from 145 mm to 725 mm for r = 50 mm.
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Figure 7. The curves of temperature increase in hydrogen ∆TH for different durations of the com-
pression stroke ts at initial pressures P1 = 20.0 MPa and compression ratio Kc = 5.0. The compression
chamber height varies from 145 mm to 725 mm for r = 50 mm.

Figure 6 presents the temperature increase in hydrogen ∆TH as a function of the
compression stroke duration ts for different compression chamber heights (h = 145 mm
to h = 725 mm). The initial pressure is P1 = 3.0 MPa, and the compression ratio is fixed at
Kc = 5.0. The results illustrate how chamber geometry and compression duration affect
the thermal behavior of hydrogen during compression. Shorter compression strokes lead
to a higher temperature increase due to the rapid gas compression, which limits the time
available for heat dissipation [58,75]. In contrast, longer compression strokes allow for
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better heat transfer to the chamber walls and working fluid, resulting in a lower final
temperature. Additionally, as the chamber volume increases, the larger surface area relative
to the gas volume facilitates more effective heat dissipation, leading to thermal stabilization,
consistent with observations in [76,77].
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Figure 8. The curves of temperature increase in hydrogen ∆TH for different durations of the com-
pression stroke ts at initial pressures P1 = 3.0 MPa and compression ratio Kc = 5.0. The compression
chamber inner radius varies from 50 mm to 125 mm for h = 145 mm.
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Figure 9. The curves of temperature increase in hydrogen ∆TH for different durations of the com-
pression stroke ts at initial pressures P1 = 20.0 MPa and compression ratio Kc = 5.0. The compression
chamber inner radius varies from 50 mm to 125 mm for h = 145 mm.

Figure 7 presents the temperature increase in hydrogen ∆TH as a function of the
compression stroke duration ts or different compression chamber heights (h = 145 mm
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to h = 725 mm). The initial pressure is P1 = 20.0 MPa, and the compression ratio is fixed
at Kc = 5.0. Compared to cases with lower initial pressures (P1 = 3.0 MPa), higher initial
pressures result in an overall higher temperature increase. This is expected due to the
higher energy input required to compress hydrogen at elevated pressures, leading to greater
thermal accumulation. However, the overall trend remains consistent, with temperature
rise decreasing as compression stroke duration increases.

Figure 8 illustrates the temperature increase in hydrogen ∆TH as a function of the
compression stroke duration ts for different compression chamber inner radii (r = 50 mm
to r = 125 mm). The initial pressure is P1 = 3.0 MPa, and the compression ratio is fixed
at Kc = 5.0. As the compression stroke duration increases, the temperature rise decreases
across all chamber radii, confirming the expected relationship between compression speed
and thermal accumulation.

Faster compression leads to less time for heat dissipation, whereas longer strokes allow
more efficient thermal exchange, reducing the final gas temperature. The inner radius of the
compression chamber significantly affects the temperature increase ∆TH during compres-
sion. Smaller radii (e.g., r = 50 mm) exhibit a lower temperature increase, while larger radii
(e.g., r = 125 mm) result in a larger temperature rise for the same compression duration.

This trend suggests that as the chamber radius increases, more energy is required to
compress the gas, leading to greater heat accumulation. In contrast, smaller chamber radii
allow for better heat dissipation due to a higher surface-area-to-volume ratio, which helps
reduce temperature rise.

Figure 9 presents the temperature increase in hydrogen ∆TH as a function of the
compression stroke duration ts for different compression chamber inner radii (r = 50 mm
to r = 125 mm). Comparing these results to lower initial pressures (e.g., P1 = 3.0 MPa
from previous figures) confirms that higher initial pressure results in an overall higher
temperature increase. This is expected, as greater energy input is needed to compress
hydrogen at elevated pressures. Despite this, the overall trends remain consistent:
smaller radii lead to lower temperature increases, and longer stroke durations reduce
temperature rise.

Also, curves of temperature increase in cylinder walls and liquid pistons were ob-
tained for different durations of the compression stroke at initials pressure 3.0 and 20.0 MPa.
Based on all data, energy consumption for one compression cycle, depending on the
height and radius of the compression chamber, was calculated as shown in Figures 10–13.
Figures 10 and 11 illustrate the relationship between the power required for compres-
sion and the duration of the compression stroke for initial pressures P1 = 3.0 MPa and
P1 = 20.0 MPa depending on the compression chamber height changes. Figure 10 presents
the power W required for hydrogen compression as a function of the compression stroke
duration ts for different compression chamber heights (h = 145 mm to h = 725 mm). The
initial pressure is P1 = 3.0 MPa, and the compression ratio is fixed at Kc = 5.0. The results
illustrate the relationship between compression time, chamber height, and power demand
during the compression process.

The data indicate a strong inverse relationship between compression stroke du-
ration and power consumption. As the compression duration increases, the required
power decreases sharply. This trend is expected, as rapid compression requires higher
instantaneous energy input, whereas longer strokes distribute the energy demand over
an extended period, reducing peak power requirements. The compression chamber
height also affects power consumption. Smaller chamber heights (e.g., h = 145 mm) re-
quire the highest power input, particularly for shorter compression strokes. Conversely,
larger chamber heights (e.g., h = 725 mm) exhibit a lower power demand across all
compression durations.
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Figure 10. The power W required for hydrogen compression for different durations of the compression
stroke ts at initial pressures P1 = 3.0 MPa and compression ratio Kc = 5.0 for different chamber heights
for r = 50 mm.
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Figure 11. The power W required for hydrogen compression for different durations of the compression
stroke ts at initial pressures P1 = 20.0 MPa and compression ratio Kc = 5.0 for different chamber
heights for r = 50 mm.

Figure 11 illustrates the power W required for hydrogen compression as a function of
the compression stroke duration ts for different compression chamber heights (h = 145 mm
to h = 725 mm). The initial pressure is P1 = 20.0 MPa, and the compression ratio is fixed
at Kc = 5.0. The results highlight the relationship between compression speed, chamber
height, and power demand under higher initial pressure conditions compared to previous
figures. The compression chamber height significantly influences power consumption.
Larger chamber heights (e.g., h = 725 mm) require the highest power input, especially at
shorter compression durations, while smaller chamber heights (e.g., h = 145 mm) require
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less power across all compression durations. This trend suggests that while larger chambers
enable efficient compression at longer durations, they impose higher instantaneous energy
demands at short durations due to the greater volume of compressed gas. A comparison
with lower initial pressures (e.g., P1 = 3.0 MPa from previous figures) confirms that higher
initial pressure dramatically increases power demand. The power required in this case is
several times higher than in the lower-pressure scenario, reflecting the higher energy input
needed to achieve compression at elevated pressures.
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Figure 12. The power W required for hydrogen compression for different durations of the compression
stroke ts at initial pressures P1 = 3.0 MPa and compression ratio Kc = 5.0 depending on chamber
radius for h = 145 mm.
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Figure 13. The power W required for hydrogen compression for different durations of the compression
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Figures 12 and 13 illustrate the relationship between the power required for com-
pression and the duration of the compression stroke for initial pressure P1 = 3.0 MPa
and P1 = 20.0 MPa depending on the compression chamber radius changes. The com-
pression chamber’s inner radius significantly influences power demand. Larger radii
(e.g., r = 125 mm) require the highest power input, particularly at shorter compression
strokes, while smaller radii (e.g., r = 50 mm) require less power across all compression
durations. This trend suggests that larger chamber volumes require more energy to com-
press the gas but offer a more gradual compression process at extended durations, reducing
instantaneous energy spikes.

Figure 13 clearly shows that a comparison with lower initial pressures (e.g., P1 = 3.0 MPa
from Figure 12) confirms that higher initial pressure significantly increases power consump-
tion. The power demand at P1 = 20.0 MPa is several times greater than at P1 = 3.0 MPa,
emphasizing the higher energy input required for compressing hydrogen at elevated pres-
sures. However, the overall trend remains consistent: shorter strokes require more power,
and larger chamber radii intensify peak power demands at shorter durations.

At any given compression duration, the power required increases with chamber size, as
larger volumes require more energy for compression. The results presented in the diagrams
(Figures 10–13) show that as the volume increases, the energy expenditure for compressing
hydrogen increases correspondingly. Increases in either the height or radius dimensions
equally affect the rise in power. However, in relative terms, the increase in power with an
increase in volume is practically independent of the compression stroke duration.

Along with this, the compression chamber volume l plays a crucial role in determining
the temperature increase ∆T of hydrogen during the compression process.

Figure 14 shows that, under the condition of an initial pressure P1 = 3.0 MPa and
Kc = 5.0, the chamber size has a significant effect on the temperature change at small vol-
umes but eventually stabilizes. This trend suggests that while larger chamber volumes
contribute to greater heat generation, their impact diminishes at higher volumes, indi-
cating an upper thermal limit beyond which an increase in volume has little effect on
temperature rise.
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Figure 14. Temperature increases in hydrogen ∆T as a function of compression chamber volume l at
an initial pressure of P1 = 3.0 MPa for different compression stroke durations ts, with constant radius
r or height h.
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The slight scatter observed in the simulation data is attributed to numerical discretiza-
tion effects. The general trend toward thermal stabilization at larger chamber volumes is
driven by improved heat dissipation and extended compression times, which allow more
efficient thermal regulation.

The influence of chamber geometry is also evident. For constant radius (r = const), the
temperature increase is generally higher compared to cases with constant height (h = const).
This suggests that compression in chambers with larger height (fixed r) leads to greater heat
accumulation, whereas wider chambers (fixed h) experience more effective heat dissipation
due to increased surface area contact with the chamber walls.

Figure 15 shows that at higher initial pressures P1 = 20.0 MPa, the overall temperature
increase ∆T is significantly greater. This confirms that higher pressure levels amplify the
effects of thermal accumulation, reinforcing the need for effective thermal management
strategies in high-pressure hydrogen compression systems.
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Figure 15. Temperature increases in hydrogen ∆T as a function of compression chamber volume l
at an initial pressure of P1 = 20.0 MPa for different compression stroke durations ts, with constant
radius r or height h.

The presented results of thermodynamic process modeling allow for an assessment of
the maximum temperatures that may occur in the compression chamber depending on its
geometry. As the volume of the compression chamber increases, it is essential to evaluate
the impact of these dimensions on thermodynamic processes.

The studies conducted to analyze the variation of hydrogen temperature as a function
of the compression chamber’s height h and radius r provide insights into the dynamics of
temperature increase under different compression conditions. As seen from the graphs, an
increase in chamber volume leads to a rise in hydrogen temperature; however, at larger
volumes, a tendency toward thermal stabilization is observed.

The scaling results, presented in Figures 6–15, indicate that increasing the chamber
volume significantly enhances the performance of the hydraulic compression system while
only moderately raising the temperature of hydrogen. The analysis of the curves in
Figures 14 and 15 allows for estimating this temperature increase at 4–7% when the chamber
volume is quadrupled from 3 to 12 L. The performance of the hydraulic compression system
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also depends on the duration of the compression stroke. When the compression process is
accelerated from 20 to 10 s, the temperature of the hydrogen increases by 9%.

This highlights the necessity of optimizing chamber dimensions to ensure effective
thermal management of the process.

5. Conclusions
This study investigated the thermodynamic behavior of hydrogen compression in a

Liquid Piston Hydrogen Compressor through numerical simulations and scaling analysis.
The results provide significant insights into the impact of chamber geometry, compression
duration, and initial pressure on temperature distribution and energy efficiency.

Larger compression chamber volumes lead to higher peak temperatures, but beyond a
certain volume, thermal stabilization occurs. Shorter compression strokes result in higher
temperature increases, emphasizing the necessity of thermal management strategies to
avoid excessive heating.

Chamber geometry plays a crucial role in energy consumption. Larger chamber
radii require higher energy input for compression but improve heat dissipation, while
smaller chamber radii result in lower energy demands but also lead to higher temperature
accumulation due to a reduced heat dissipation area.

Higher initial pressures significantly increase temperature rise and energy consump-
tion, reinforcing the need for efficient heat management solutions in high-pressure hydro-
gen storage. The overall pressure increase follows an exponential trend, with the highest
pressure gains occurring in the later compression stages.

Optimizing compression chamber dimensions is critical for minimizing energy losses
while maintaining operational efficiency. The scalability of LPHC systems makes them
suitable for industrial applications, hydrogen refueling stations, and maritime sector inte-
gration, aligning with the goals of the green economy and sustainable energy transition.

Future research will focus on further detailing the thermal and mechanical characteris-
tics of the compression chamber, particularly examining how variations in chamber wall
thickness impact heat dissipation and the overall thermal management during the com-
pression process. These investigations will contribute to the development of more efficient,
durable, and safer hydrogen compression systems for industrial and energy applications.
Furthermore, future work will include experimental investigations to validate and refine
the numerical simulation results presented in this study, ensuring greater accuracy and
practical applicability.

The practical implementation of liquid piston hydrogen compressors faces several
challenges that must be addressed for large-scale adoption. Maintaining the stability of
the liquid-gas interface during fast compression cycles is critical to avoid efficiency losses.
Additionally, effective thermal management is required to control gas temperatures under
high-speed, high-pressure operation. The long-term mechanical durability of the liquid
piston system under repeated loading cycles also remains a key consideration for industrial
applications. Addressing these challenges will be essential to fully realize the potential of
LPHC technology in hydrogen energy infrastructure.

This study demonstrates a systematic approach to optimizing liquid piston hydrogen
compression systems through CFD-based scaling analysis, providing new insights into the
coupling between chamber geometry, compression dynamics, and thermal behavior. The
results contribute to advancing the design principles for more energy-efficient and thermally
stable hydrogen storage systems. Future research will explore multi-stage compression
configurations, detailed investigation of fluid dynamics at the gas-liquid interface, and
experimental validation to further refine the model and improve system reliability.
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Appendix A
The following tables present the key parameters used in the numerical simulations of

the LPHC. These include initial conditions, thermophysical properties of hydrogen, liquid
piston characteristics, and material properties of the stainless-steel chamber.

Table A1 lists the initial conditions, such as temperature, pressure, gas mass, and heat
transfer coefficient.

Table A2 provides the thermodynamic properties of hydrogen, including specific heat
capacities and the ratio of specific heat.

Table A3 summarizes the liquid piston properties, which influence heat transfer and
system efficiency.

Table A4 presents the stainless-steel chamber properties, which are critical for assessing
heat retention and structural performance.

These parameters ensure accurate modeling of hydrogen compression and
thermal behavior.

Table A1. Initial Conditions.

Parameter Symbol Value Unit

Initial temperature (gas, working fluid, cylinder, air) Ti 300.0 K
Initial pressure P1 3.0; 20.0 MPa
Volume V 1.14 L
Gas mass in the chamber mg 2.74 g
Heat transfer coefficient (chamber-air) h 30.0 W/

(
K·m2)

Chamber mass mch 2400 g
Chamber wall thickness w 5 mm

Table A2. Hydrogen Properties.

Property Symbol Value Unit

Molar mass M 2.016 g/mol
Degrees of freedom f 5.0 -
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Table A2. Cont.

Property Symbol Value Unit

Ratio of specific heats γ 1.4 -
Heat capacity at constant volume cυ 10,307.5 J/(kg·K)
Heat capacity at constant pressure cp 14,429.6 J/(kg·K)

Table A3. Liquid Piston Properties.

Property Symbol Value Unit

Thermal conductivity k 0.4 W/(K·m)
Density ρ 918.0 kg/m3

Heat capacity at constant pressure cp 2060.0 J/(kg·K)
Dynamic viscosity µ 0.005 Pa·s
Ratio of specific heats γ 1.0 -

Table A4. Stainless Steel Chamber Properties.

Property Symbol Value Unit

Thermal conductivity k 45.0 W/(K·m)
Density ρ 7700.0 kg/m3

Heat capacity at constant pressure cp 800.0 J/(kg·K)
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66. Šabacká, P.; Maxa, J.; Bayer, R.; Binar, T.; Bača, P.; Švecová, J.; Talár, J.; Vlkovský, M. An Experimental and Numerical Analysis
of the Influence of Surface Roughness on Supersonic Flow in a Nozzle Under Atmospheric and Low-Pressure Conditions.
Technologies 2025, 13, 160. [CrossRef]

67. Khan, A.; Irfan, M.; Niazi, U.M.; Shah, I.; Legutko, S.; Rahman, S.; Alwadie, A.S.; Jalalah, M.; Glowacz, A.; Khan, M.K.A.
Centrifugal Compressor Stall Control by the Application of Engineered Surface Roughness on Diffuser Shroud Using Numerical
Simulations. Materials 2021, 14, 2033. [CrossRef]

68. Ye, J.; Zhao, Z.; Zheng, J.; Salem, S.; Yu, J.; Cui, J.; Jiao, X. Transient flow characteristic of high-pressure hydrogen gas in check
valve during the opening process. Energies 2020, 13, 4222. [CrossRef]

https://doi.org/10.3390/en15165823
https://doi.org/10.3390/inorganics13020048
https://doi.org/10.3390/membranes13060555
https://doi.org/10.1016/j.rser.2018.11.028
https://doi.org/10.1002/9781394167555.ch3
https://doi.org/10.3390/cleantechnol6030061
https://doi.org/10.3390/en13123145
https://doi.org/10.1016/j.ijhydene.2023.03.055
https://doi.org/10.2478/lpts-2023-0022
https://doi.org/10.1243/PIME_PROC_1909_077_019_02
https://doi.org/10.1016/j.ijhydene.2022.12.335
https://doi.org/10.1016/j.apenergy.2008.12.001
https://doi.org/10.1016/j.est.2021.102861
https://doi.org/10.1016/j.ijhydene.2022.11.190
https://doi.org/10.3390/technologies12120266
https://doi.org/10.1088/2516-1083/ac7cb7
https://doi.org/10.1016/j.renene.2025.122505
https://doi.org/10.1016/j.compchemeng.2024.108862
https://www.recip.org/wp-content/uploads/2023/01/2022-EFRC-WhitePaper-Hydrogen-Compression.pdf
https://www.recip.org/wp-content/uploads/2023/01/2022-EFRC-WhitePaper-Hydrogen-Compression.pdf
https://doi.org/10.1002/er.8189
https://doi.org/10.3390/technologies13040160
https://doi.org/10.3390/ma14082033
https://doi.org/10.3390/en13164222


Technologies 2025, 13, 226 23 of 23

69. Guo, Y.; Tang, Y.; Cao, J.; Diao, A.; Peng, X. Control Strategies for Piston Trajectory in Ionic Compressors for Hydrogen Storage.
Appl. Sci. 2023, 13, 11759. [CrossRef]

70. Franco, A.; Giovannini, C. Hydrogen Gas Compression for Efficient Storage: Balancing Energy and Increasing Density. Hydrogen
2024, 5, 293–311. [CrossRef]

71. Knop, Vincent. “Life Cycle Analysis of Hydrogen Compression.” A World of Energy. 2022. Available online: https://www.awoe.
net/Hydrogen-Compression-LCA.html (accessed on 5 March 2025).

72. Lanz, A.; Heffel, J.; Messer, C. Hydrogen Fuel Cell Engines and Related Technologies; Energy Technology Training Center, College of
the Desert: Palm Desert, CA, USA, 2001.

73. Dwivedi, S.K.; Vishwakarma, M. Hydrogen embrittlement in different materials: A review. Int. J. Hydrogen Energy 2018, 43,
21603–21616. [CrossRef]

74. Nachtane, M.; Tarfaoui, M.; Abichou, M.A.; Vetcher, A.; Rouway, M.; Aâmir, A.; Mouadili, H.; Laaouidi, H.; Naanani, H.
An Overview of the Recent Advances in Composite Materials and Artificial Intelligence for Hydrogen Storage Vessels Design.
J. Compos. Sci. 2023, 7, 119. [CrossRef]

75. Xue, L.; Deng, J.; Wang, X.; Wang, Z.; Liu, B. Numerical Simulation and Optimization of Rapid Filling of High-Pressure Hydrogen
Storage Cylinder. Energies 2022, 15, 5189. [CrossRef]

76. Ursua, A.; Gandia, L.M.; Sanchis, P. Hydrogen production from water electrolysis: Current status and future trends. Proc. IEEE
2011, 100, 410–426. [CrossRef]

77. Züttel, A.; Remhof, A.; Borgschulte, A.; Friedrichs, O. Hydrogen: The future energy carrier. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci.
2010, 368, 3329–3342. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app132111759
https://doi.org/10.3390/hydrogen5020017
https://www.awoe.net/Hydrogen-Compression-LCA.html
https://www.awoe.net/Hydrogen-Compression-LCA.html
https://doi.org/10.1016/j.ijhydene.2018.09.201
https://doi.org/10.3390/jcs7030119
https://doi.org/10.3390/en15145189
https://doi.org/10.1109/JPROC.2011.2156750
https://doi.org/10.1098/rsta.2010.0113

	Introduction 
	Hydrogen Compression Using a Liquid Piston System 
	Numerical Simulation of Hydrogen Compression in a Chamber 
	Dimension Scaling of the Hydrogen Compression Chamber 
	Conclusions 
	Appendix A
	References

