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Abstract:

The increasing demand for hydrogen as a low-carbon energy carrier highlights the importance of efficient
compression technologies, particularly for high-pressure-storage and transport applications. This study
investigates multistage mechanical hydrogen compression systems designed for final discharge pressures of
350 bar and 700 bar, coupled with waste heat recovery using an Organic Rankine Cycle (ORC). A steady-
state simulation model is developed in Aspen Plus to evaluate system performance, including compressor
operation, intercooling requirements, and thermal energy recovery potential. The compression systems are
optimized with respect to interstage pressure ratios to minimize total compression work while respecting the
operational constraint of maximum discharge temperature. The thermal energy rejected in the intercoolers is
recovered and utilized as the heat source for the ORC, which is modeled to assess its capability for electricity
generation. Key performance indicators include specific compression work, intercooler heat duty, ORC power
output, and overall electricity savings. The results indicate that higher discharge pressures lead to increased
compression work, while optimized staging maintains pressure ratios within acceptable operational limits. The
four-stage configuration exhibits higher waste heat recovery potential compared to the five-stage system due
to higher temperature levels in the intercooler streams. The integration of the ORC system results in very
modest electricity savings, ranging from 1.4-2% for the four-stage system and 0.98-1.5% for the five-stage
system. Overall, the study demonstrates that while waste heat recovery from hydrogen compression is
technically feasible, its effectiveness is strongly dependent on the temperature level of the available heat. The
findings provide useful insights into the thermodynamic integration of compression and recovery systems,
supporting the design of more energy-efficient hydrogen infrastructure.
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1. Introduction

Driven by European Union regulations targeting greenhouse gas emission reductions and deep
decarbonization of the industrial sector [1], a significant transition toward alternative fuels is currently
underway. Among these, hydrogen is emerging as a promising energy carrier, as it offers a low-carbon pathway
with zero direct CO2 emissions at the point of use, high gravimetric energy density, fuel flexibility across multiple
sectors, and strong potential for integration with renewable energy systems through green hydrogen production
pathways [2]. However hydrogen exhibits the lowest volumetric density among the most commonly used fuels,
which creates substantial challenges for storage and transportation. At ambient conditions hydrogen has a
volumetric energy density of approximately 0.01 MJ/I, compared to about 35-38 MJ/I for gasoline, 22-24 MJ/|
for Liquified Natural Gas, and 9-10 MJ/I for Compressed Natural Gas at 250 bar. Even when compressed to
high pressures (700 bar), hydrogen reaches roughly 5-6 MJ/I, which remains significantly lower than that of
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liquid hydrocarbons [3]. Consequently, high-pressure compression or liquefaction is typically required to enable
practical hydrogen storage and transport over long distances. In recent years, hydrogen compression
technologies continue to evolve, while various projects highlight the novelties of various compression methods.
The COSMHYC series of projects [4] focuses on the coupling of mechanical and metal hydride compression
technologies, H2REF [5] is using bladder accumulation-based compressors as an alternative to the commonly
utilized compressor types, while various other projects like ELCHPEM2.0 [6] focus on electrochemical
compression. Mechanical compression systems generate substantial interstage waste heat, which can
potentially be recovered and used in a thermal cycle for electricity generation. Reference [7] developed an
integrated thermoelectric generator-hydrogen compression system for hydrogen storage and waste heat
recovery (TEG-CHSWHR), with particular emphasis on the influence of inlet conditions on system performance
and energy recovery efficiency. Nevertheless, studies that explicitly investigate waste heat recovery from
hydrogen compression processes remain limited in the available literature. The present study addresses this
gap by developing a green hydrogen compression system coupled with an Organic Rankine Cycle (ORC) for
the effective conversion of compression-stage waste heat into electrical power.

2. Methodology
2.1. System description

In this study, a multistage mechanical hydrogen compression system was designed. To address the
requirements of different downstream applications with distinct discharge pressure levels, two separate
simulation scenarios were developed, targeting final compression pressures of 350 bar and 700 bar. A
discharge pressure of 350 bar is typically associated with applications such as hydrogen refueling for heavy-
duty vehicles (e.g., buses and trucks) and tube trailer storage, commonly employing Type | and Type I
pressure vessels. In contrast, a discharge pressure of 700 bar is primarily required for light-duty fuel cell
vehicles, where higher storage density is necessary, and is typically associated with advanced composite
storage systems such as Type Ill and Type IV tanks [8-10]. Every system consists of compressors, intercoolers
and dry coolers for the recirculation of the cooling water. In addition, a waste heat recovery configuration based
on an ORC was investigated to evaluate the potential for electricity generation from compression-stage heat
rejection. The four-stage system flowsheet is depicted in Figure 1, while the five-stage system flowsheet in
Figure 2.
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Figure 1. Aspen Plus flowsheet of the four-stage compression system

The hydrogen stream is assumed to be produced via water electrolysis in an electrolyzer powered by
renewable electricity (green hydrogen). The electrolyzer is rated at 100 MW, with a higher heating value (HHV)
efficiency of 80%. Hydrogen exits the electrolyzer and enters the compression system at a mass flow rate of
1780 kg/h, temperature of 60 °C and pressure of 20 bar.
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Figure 2. Aspen Plus flowsheet of the five-stage compression system

Prior to each compression stage the hydrogen is cooled in the intercoolers to a target temperature of 38 °C.
Interstage cooling is required to ensure that the compressor discharge temperature does not exceed the
recommended limit of 150 °C, thereby preventing potential damage to sealing components [11]. Cooling is
provided by pressurized water at 5 bar and 30 °C, which absorbs heat from the hydrogen stream and rejects
it through dry coolers in the base-case configuration. The dry coolers operate with atmospheric air (at 20 °C
and 1 atm) and a fan motor efficiency of 90% and an associated pressure drop of 0.0015 bar [12], restoring
the cooling water temperature to 30 °C. The compression units are assumed to be reciprocating compressors
with an isentropic efficiency of 80%, consistent with large-capacity hydrogen compression systems [13]. For
reciprocating compressors operating above 70 bar the allowable pressure ratio per stage is typically limited to
the range of 2-2.5 [14], accordingly four compression stages are implemented for delivery at 350 bar and five
stages for delivery at 700 bar. Table 1 includes the most important system assumptions, constraints and initial
conditions.

Table 1. System inlets, assumptions and parameters
Hydrogen inlet conditions

Mass flow rate 1780 kg/h
Temperature 60 °C [15]
Pressure 20 bar [16]
Intercoolers operation

Water inlet temperature 30°C
Hydrogen outlet temperature 38°C
Water outlet temperature Ty, in-10
Dry coolers operation

Air inlet temperature 20 °C
Air outlet temperature 40 °C
Water outlet temperature 30°C
Fan motor efficiency 90% [12]
Air pressure drop 0.0015 bar [12]

For waste heat recovery, a standard ORC configuration is employed, featuring a pump, evaporator, expander,
and air-cooled condenser (ACC). The process begins as the pump pressurizes the working fluid, which is
subsequently vaporized by the Heat Transfer Fluid (HTF) within the evaporator. The water streams exiting the
intercoolers are mixed to form the HTF entering the evaporator. The high-pressure vapor of the working fluid
exiting the evaporator drives the expander to generate mechanical power, which a generator then converts
into electricity. After expansion, the fluid is cooled in the ACC until it reaches a subcooled liquid state,
completing the cycle as it returns to the pump. The HTF, upon exiting the evaporator, remains at a higher



temperature than the required 30°C intercooler inlet temperature. Therefore, it undergoes further cooling in the
HTFC to reach this temperature.

2.2. Process modeling

The steady-state simulation of the multi-stage compression system as well as the ORC configuration is
implemented with the Aspen Plus software [17], using basic material streams, built-in blocks and design
specification blocks. Aspen Plus’ model analysis tools are also used for the optimization and sensitivity analysis
of parameters of the system.

2.2.1. Compression system

The hydrogen compression stages are simulated using the standard Compressor block available in Aspen
Plus. The compressor model is configured under isentropic operation with an assumed isentropic efficiency of
80% [13] and a mechanical efficiency of 98% [13]. For each compression stage the outlet condition is specified
in terms of discharge pressure, determined based on the optimal per-stage pressure ratio, calculated using
Equation (1).
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where p;iriq; is the pressure of the hydrogen at the inlet of the compression system (20 bar), pf;nq is the final
discharge pressure (equal to 350 bar for the four-stage system and to 700 bar for the five-stage system) and
N is the number of stages. This value serves both to define the necessary outlet pressure specification within
the Aspen Plus compressor model and to provide a physically meaningful initial estimate that enhances the
convergence and robustness of the optimization procedure.

The compressors’ electric power consumption is calculated through Equation (2).

h —hy
Pe,c = mHZ Hz,outn T (2)
m

where P, . is the compressor’s electric power consumption, m,, is the hydrogen mass flow rate, hy,, is the
hydrogen’s enthalpy at the outlet and inlet of the compressor and 7, is the mechanical efficiency.

The built-in optimization tool is enabled to ensure efficient compressor operation. The objective function is
defined as the minimization of the total compression work, achieved by varying the discharge pressures of the
first N-1 compression stages. To account for operational and mechanical limitations, constraints are imposed
to maintain the discharge temperature of each compressor below 150 °C [11], thereby mitigating the risk of
excessive thermal stress and equipment wear.

The intercoolers are modeled using the MHeatX block. The hydrogen outlet temperature is specified at 38 °C
for each stage. The operation of each intercooler is coupled with a Design-Spec block that adjusts the cooling
water mass flow rate to maintain its outlet temperature 10 °C below the hydrogen inlet temperature to the
intercooler. This approach enables effective heat removal while preserving a realistic temperature driving force
across the heat exchanger. Moreover it maximizes the recoverable thermal energy available for utilization in
the ORC-based waste heat recovery configuration. The heat duty of the intercoolers is calculated by Equation

3).
Q = my,o X (hHZO,out - hHZO,in) = My, X (hHZ,in - th,out) 3)

where Q is the heat duty of the intercoolers, m; is the mass flow rate of the ith component and h; ; is the specific
enthalpy of the ith component at the inlets and outlets of the intercooler respectively. The specific heat duty is
calculated using Equation (4) and is defined as the heat duty of each intercooler normalized by the hydrogen
mass flow rate.
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The dry coolers are modeled following an approach similar to that adapted for the intercoolers. The MHeatX
block is employed, with the air outlet temperature specified at 40 °C. Each dry cooler is coupled with a Design-
Spec block that regulates the air mass flow rate to ensure that the cooling water outlet temperature is
maintained at 30 °C. The power consumption of the dry-coolers fans is calculated by Equation (5).

APair

(%)

Pe,DC = Vair
motor
where V,;, is the volumetric flow rate of the air in m3/s, AP, is the pressure drop in Pa and 7,,,,;,, i the motor
efficiency. The combined operation of the intercoolers and dry coolers represents the complete cooling system
configuration within the overall process simulation. And consequently the total electric power consumption of
the system is equal to the sum of the consumption of all compression stages plus the consumption of the dry-
coolers fans.

The validation of the compression model is conducted against literature data reported in [18], by varying the
system discharge pressure and evaluating the corresponding compression losses expressed as a fraction of
the hydrogen lower heating value (LHV). The results are presented in Figure 3.
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Figure 3. Comparison of the hydrogen LHV% compression losses for compression at various discharge
pressures of the present model with literature data [18]

A constant 4% LHV penalty is incorporated into all simulation results to account for compression losses
associated with the electrolysis stage and the initial pressure increase to 20 bar. For lower pressures, the
simulation results follow the literature data with adequate accuracy, while for higher values a larger deviation
is observed.

2.2.2. Organic Rankine Cycle

The waste heat recovery ORC is modeled under steady-state conditions using the Peng—Robinson equation
of state with the Boston—Mathias alpha function as the thermodynamic property method [19], in line with
previous work by the authors [20-23]. Pressure drops and heat losses in piping and system components are
neglected. The evaporator and condenser are modeled as countercurrent heat exchangers, while the pump
and expander are represented assuming fixed efficiencies, namely the pump efficiency np,m, and the

expander isentropic efficiency 9 exp-

The net electrical power output of the ORC, P, gg¢, is defined as the difference between the gross power
produced by the expander-generator and the auxiliary power consumptions of the pump and the air-cooled
condenser (ACC) fan (Equation (6)):

Pe,ORC = Pe,exp - Pe,pump - Pe,ACC,fan (6)

The electrical power generated by the expander is calculated based on the working fluid mass flow rate m,,,
the enthalpy drop across the expander h.y, in — hexpout, the electromechanical efficiency 7., ¢xp, and the
isentropic efficiency 1.y, @as shown in Equation (7).

Pe,exp = nem,exp X 7’hwf X (hexp,in - hexp,out) = nem,exp X nis,exp X mwf X (hexp,in - hexp,out,is) (7)



The pump power consumption is determined from the working fluid mass flow rate, the enthalpy rise across
the pump and the pump efficiencies (Equation (8)).

. (hpump,out - hpump,in) . (hpump,out,is - hpump,in) 1

P — —
epump — mwf - mwf
Npump Nis,pumppump

The total electricity savings are defined as the sum of the electricity generated by the ORC and the reduction
in power consumption of the air dry coolers, relative to the total electrical power consumption of the base-case
system, as expressed in Equation (9).

Peorc + Pepc — Pe,pcwith orc

9 [ = X 1009 9
Dbsavings P, 4 Pope % 9

The main modeling assumptions are summarized in Table 2. The expander is assumed to operate with an
isentropic efficiency of 70% [24-26] and an electromechanical efficiency of 96% [27]. For the pump, isentropic
compression is considered, along with a conservative overall efficiency of 65% to account for mechanical and
motor losses [28-30]. A superheating degree of 10 K is imposed at the expander inlet, while a subcooling of 5
K at the ACC outlet is assumed to prevent cavitation [31]. The ACC operates with ambient air at 20 °C and a
fan motor efficiency of 90%.

The ORC working fluid is isobutane. The working fluid mass flow rate and condensation temperature are
determined to satisfy the specified pinch point temperature differences in the evaporator (10 K) and condenser
(5 K), respectively [32]. Additionally, the cooling air flow rate is adjusted to achieve a temperature rise of 20 K
across the ACC. An air-side pressure drop of 0.0015 bar is assumed [33]. Given the significance of this
parameter, a parametric analysis is conducted to evaluate its impact on system performance.

Table 2. ORC modeling assumptions

Efficiencies
Expander isentropic efficiency 70 % [24-26]
Pump global efficiency 65 % [28-30]
Electromechanical efficiency 96 % [27]
ACC fan motor efficiency 90%
Heat exchangers
Ambient air temperature at ACC inlet 20°C
Temperature lift of air in ACC 10 K [34]
Pinch point in evaporator 10 K [31]
Pinch point in condenser 10 K [35]
Subcooling degree in condenser outlet 5 K[31]
Superheating degree at expander inlet 10 K [31]
Air pressure drop in ACC 0.0015 bar [33]
Pressures and temperatures
Evaporator pressure optimized
Condensation pressure (Pcond) calculated to satisfy pinch point in condenser
3. Results

3.1. Base case compression system

A parametric investigation varying the discharge pressure of both systems was conducted to identify the
behavior of important system indicators. The optimization option was enabled for all simulations and the
discharge pressure range is 300-500 bar for the four-stage system and 350-700 bar for the five-stage system.
For the four-stage configuration, the maximum discharge pressure was limited to 500 bar, as higher pressures
would result in compressor outlet temperatures exceeding the allowable threshold. For the five-stage
configuration, discharge pressures lower than 350 bar were not considered, as the resulting pressure ratios



across the compression stages would fall significantly below the recommended operational range of 2-2.5.
The investigated indicators are the compressor specific electric consumption, pressure ratio, intercooler heat
duty and cooling water outlet temperature. Figures 4-7 exhibit those results for both systems.
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Figure 4. Compressor specific electric power consumption a) for the four-stage system, and b) for the five-
stage system

There is an increase in power consumption for higher discharge pressures, however it can be observed as
“steps” for every compression stage apart from the last one. In order to minimize the total compressor work for
every system discharge pressure, the optimization solver has divided the complete range into sub-parts with
increasing but constant pressure ratios (Figure 5) for all N-1 compressors, while linearly increasing the final
pressure ratio for each step. In this way it ensures most efficient operation, even though it may not translate
into a real system. All other variables illustrated in Figures 6-8 follow this operation.
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Figure 5. Compressor optimal pressure ratio a) for the four-stage system, and b) for the five-stage system

It is observed that for both systems the pressure ratio of all compressors increases for larger discharge
pressures but remains in the range of 1.7-2.1, very close to the values calculated by Equation (1).
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Figure 6: Intercooler heat duty a) for the four-stage system, and b) for the five-stage system

As the first intercooler corresponds to the initial cooling stage of hydrogen at the electrolyzer outlet, prior to
compression, the hydrogen and cooling water temperatures remain unchanged across different discharge
pressure scenarios. Consequently, the heat duty of this intercooler remains constant.
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Figure 7. Cooling water temperature after heat removal from the hydrogen in the intercoolers a) for the four-
stage system, and b) for the five-stage system

The cooling water temperature at the outlet of the first intercooler is consistently 50 °C across all discharge
pressure cases, indicating insufficient thermal potential for effective utilization in the ORC. Consequently, this
stream is excluded from the ORC analysis and is omitted from Figure 7.

The specific electric power consumption of the air dry coolers increases in steps in the range of 28.3-32.8
kW/kg_H: for the four-stage system and in the range of 31.2-37.5 kW/kg_H: for the five-stage system.

3.2. Waste heat recovery through ORC

The results concerning the electricity generated by the ORC system are presented in this section. Figure 8
shows the normalized power output of the ORC for both systems.
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Figure 8. ORC normalized power output a) for the four stage system, and b) for the five stage system

It can be observed that the power generation for the four stage system is larger than the one for the five stage
system, even though there are fewer heat sources. As can be seen in Figure 5, the pressure ratios for the five
stage system are smaller, leading to lower hydrogen discharge temperatures. Subsequently the cooling water
temperature at the intercoolers’ outlets is also lower.
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Figure 9. Total electricity savings from ORC operation

The total electricity savings (Figure (9)) are calculated by Equation (9).They are in the range of 1.4 — 2% for
the 4 stage system and 0.98 — 1.5% for the 5 stage system. Those results align with the above indicators,
since both the electricity generation as well as the dry cooler energy savings are lower for the 5 stage case.
The saved electricity from the ORC operation (P, orc + Pepc — Pepcwith orc) lin€arly increases for higher
discharge pressures, however the total electricity consumption of the base case (P, + P, p¢) increases in
steps, due to the optimization tool operation. Therefore Equation (9) follows this zigzag form for both systems.

4. Conclusions

This study investigated the performance of multistage mechanical hydrogen compression systems for
discharge pressures of 350 bar and 700 bar, coupled with a waste heat recovery configuration based on an
Organic Rankine Cycle (ORC). The developed Aspen Plus model enabled the evaluation of compressor
operation, interstage thermal behavior, and the potential for energy recovery through the utilization of
intercooling heat.

The results indicate that increasing the discharge pressure leads to higher specific compression work, while
the optimization of interstage pressure ratios ensures near-optimal operation within realistic constraints. The
analysis also showed that the thermal potential of the intercoolers varies significantly across stages, with the
first intercooler contributing negligible recoverable heat due to its low temperature level.

The integration of the ORC system demonstrated a measurable but very moderate improvement in overall
system performance. Total electricity savings were found to range between approximately 1.4—2% for the four-
stage configuration and 0.98-1.5% for the five-stage configuration. Despite the larger number of heat sources
in the five-stage system, the lower temperature levels of the recovered heat resulted in reduced ORC
performance compared to the four-stage case.



Overall, the study confirms that waste heat recovery from hydrogen compression systems is technically
feasible and can contribute to a system efficiency improvement, although its effectiveness is strongly
dependent on the temperature level of the available heat. The findings highlight the importance of
thermodynamic matching between heat sources and recovery technologies.

Acknowledgments

This work has been performed in the context of the EXCELLEND project, which has received funding from the
European Union’s Horizon Europe research and innovation programme under grant agreement nr. 101185742.
Views and opinions expressed here are those of the authors only and do not necessarily reflect those of the
European Union or the European Research Executive Agency (REA). Neither the European Union nor the
granting authority can be held responsible for them.

Nomenclature
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specific enthalpy, (kJ/kg)

mass flow rate , (kg/s)

number of compression stages, (-)
power, (kW)

pressure, (bar)

heat duty, (kW)

specific entropy, (kJ/kg-K)
temperature, (°C)

volumetric flow rate, (m3/s)

Greek symbols
n efficiency

Subscripts and superscripts

ACC  air cooled condenser
DC dry cooler

e electric

em electromechanical

ex expander

is isentropic

m mechanical

ORC  organic Rankine cycle
wf working fluid
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