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Abstract. Hydrogen liquefaction plants are a key component of liquid hydrogen supply
chains. However, to meet future hydrogen demands for climate-friendly mobility, a signif-
icant scale-up is necessary. This study aims to provide a deeper understanding of hydro-
gen liquefaction plants by presenting process simulations of smaller- and large-scale plants
using UniSim® Design. The process simulations accurately integrate the conversion of or-
thohydrogen to parahydrogen taking place continuously within the heat exchanger chan-
nels, along with the associated conversion heat. A techno-economic analysis evaluates the
cost-effectiveness and energy efficiency of the processes. The results, which are validated
against literature data, indicate that CAPEX and OPEX contribute equally to the overall liq-
uefaction costs, with heat exchangers and compressors identified as the main cost drivers.
A significant reduction in specific CAPEX and specific energy consumption is observed with
increasing plant size, influenced by economy of scale and precooling technology. By inte-
grating process simulation with techno-economic evaluation, this study provides valuable
insights into the performance and specific costs of hydrogen liquefaction plants.

1 Introduction

Resulting from the rising need for CO,-emission-free solutions in the transportation sector, liquid hydrogen
(LH;) emerges as a promising fuel of the future. Especially in energy-intensive applications, such as aircraft,
the application of LH; is being thoroughly studied in recent years (e.g., [1]).

In the joint project “HyNEAT”, LH; supply networks for airports are being examined. The project investi-
gates how these LH; networks could look like in 2050, as well as the transition pathways towards a hydrogen
powered aviation sector. Hydrogen liquefaction plants are key within such supply networks as they come
with high investment costs and high energy requirements. However, as LH; is just emerging as a climate-
friendly fuel and as there are few current applications, today’s liquefaction capacity is rather low. As such,
only approximately 380 tonnes per day (tpd) of hydrogen were liquefied globally in 2021 [2]. Therefore, a
significant upscale is required considering that projected demands for liquid hydrogen in aviation alone are
several magnitudes larger [3].

This paper studies the techno-economics of hydrogen liquefaction plants based on process simulation.
The following sections first introduce the simulation of selected processes with UniSim® Design and the
integration of the ortho-para conversion. Then, the methodology of the techno-economic assessment is pre-
sented and the results are discussed and compared to the literature.
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2 Methodology

Typically, a hydrogen liquefaction plant follows the setup in Figure 1. First, gaseous hydrogen (GH;) is pre-
cooled, e.g., using liquid nitrogen (LN, ) which is either released to the environment, as shown in Figure 2, or
recycled. Then, the hydrogen is purified in an adsorber at 80 K to 100 K before it enters the cryogenic refriger-
ation and liquefaction section, where it is cooled and liquefied in plate-fin heat exchangers using a cryogenic
refrigeration cycle and a Joule-Thomson valve. For refrigeration, in this paper, hydrogen Claude cycles are
applied. Thereby the refrigerant, which is also hydrogen, is compressed at ambient temperatures. The com-
pression heat is dissipated using cooling water. Later in the cycle, the cold temperatures are achieved by
expansion in turbo expanders and another Joule-Thomson valve.
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Figure 1: Simplified flowsheet of a typical hydrogen liquefaction plant, adapted from CARDELLA 2018 [4]

To minimize heat in-leak, the cold sections of the plant are placed within a coldbox. Further, in the cryo-
genic section, the conversion of orthohydrogen to parahydrogen takes place within catalyst-filled heat ex-
changer channels, which will be discussed in section 2.2.

2.1 Process Simulation
In this paper, hydrogen liquefaction plants are simulated and assessed. As a typical process of relatively
smaller scale, the flowsheet in Figure 2 based on the 5 tpd plant by OHLIG & DECKER 2024 [5] is chosen.

e,

Figure 2: Flowsheet of the selected 5 tpd plant based on OHLIG & DECKER 2024 [5]

Itdeploys a hydrogen Claude cycle for refrigeration incorporating three turbo expanders, a Joule-Thomson
valve, and two compression units with two piston compression stages each. Precooling from ambient tem-
peratures to roughly 80 K is achieved using LN, which is released to the environment after use. Downstream
of the cryogenic purification, all heat exchanger channels in the process stream are filled with catalyst to fa-
cilitate the ortho-para conversion. While eight heat exchanger sections are shown in Figure 2, it is assumed
for the economic assessment that every two sections can be combined into one unit, resulting in a total of
four actual heat exchangers.

For comparison, the conceptual large scale-plant by CARDELLA 2018 [4] shown in Figure 3 was selected.
This plant has a liquefaction capacity of 100 tpd and features a similar setup to the selected 5 tpd plant, in-
cluding a hydrogen Claude cycle with two multi-stage piston compression units and a total of seven turbo
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expanders. However, instead of open-loop precooling with LN, it employs a closed-loop mixed refrigerant
(MR) cycle to cool the hydrogen gas from ambient temperature to approximately 100 K. The MR composi-
tion, as specified in [4], is: 14% nitrogen, 30% methane, 25% i-butane, 31% ethane. Using MR allows closer
temperature profiles in the precooling section while allowing the use of standard equipment from liquefied
natural gas (LNG) applications. Still, in contrast to the open precooling cycle in Figure 2, additional equip-
ment is required, including turbo compressors, phase separators, and a pump.

I LH,
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Figure 3: Flowsheet of the selected 100 tpd plant based on CARDELLA 2018 [4]

Additionally to the continuous ortho-para conversion within the heat exchangers of the cryogenic section,
the 100 tpd plant also applies a batch ortho-para converter after precooling. While the original design by
[4] includes only three actual heat exchangers, the schematic representation shown here splits these into
individual sections for clarity. For the economic assessment, however, it is assumed that these sections are
recombined into three total heat exchangers.

The selected flowsheets are simulated in UniSim® Design using REFPROP [6] which deploys the equation
of state by LEACHMAN ET AL. 2009 [7] for ortho- and parahydrogen. The plants are designed to achieve mini-
mum temperature differences of 1 K to 3 Kin the heat exchangers. Furthermore, the adsorption is considered
only by means of a slight temperature increase of 0.2 K and a pressure drop of 0.1 bar, while pre compres-
sion and pre purification are neglected. For the turbo expanders, an isentropic efficiency of 85% is assumed.
Regarding the compressors, the isentropic efficiency is set to 70% for today’s 5 tpd plant and to 80% for the
conceptual 100 tpd plant. The thermodynamic states of the GH; feed and the LH;, product are specified in
Table 1, in accordance to [4].

Table 1: Thermodynamic states of the feed and the product of the considered plants

5tpd plant 100 tpd plant

Feed temperature 303K 295K
Feed pressure 24 bar 25 bar
Feed parahydrogen fraction 25% 25%
Product temperature 21K 225K
Product pressure 1.3 bar 2 bar
Product parahydrogen fraction 99.45% 99.13%

2.2 Simulation of the Ortho-Para Conversion

This paper places special focus on the simulation of the ortho-para conversion. Hydrogen is mixture of its
ortho and para form which differ in nuclear spin. At room temperature, an equilibrium composition of 25%
para and 75% orthohydrogen is observed. When the temperature decreases, the equilibrium shifts towards
parahydrogen and at typical liquid hydrogen temperatures, almost only parahydrogen remains. Thus, a con-
version of ortho- to parahydrogen occurs due to the hydrogen liquefaction process. [7]

This conversion would happen by itself within a few days or weeks [8]. However, since the conversion
process generates heat, it would be unfavorable for it to occur within LH; storage tanks, as it would evap-
orate parts of the stored LH;. Therefore, the conversion of ortho- to parahydrogen is facilitated to occur
continuously within the hydrogen liquefaction plant using catalyst-filled heat exchangers.
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For reliable results, the conversion and the associated heat must be realistically integrated into the sim-
ulation. However, REFPROP [6], which is used for property data, does not feature equilibrium hydrogen. In-
stead, the hydrogen process stream is defined as a mixture of ortho- and parahydrogen. Thus, a workaround
for the calculation of the ortho-para conversion while using REFPROP [6], as suggested by KANZET AL. 2025 [9],
is applied in this paper. Thereby, first, the equilibrium composition of hydrogen is calculated with the fol-
lowing equation, using the parameters a; to ag given in [9].

Ko (T) = Yoo _ L4 5T 4 9e /T 4 13 /T
“ B Yortho - 9e—aa/T 4+ 21e—a5/T + 48e—as/T

Then, the associated molar heat of conversion Ah¢(T) is determined using the van’'t Hoff relation in Equa-
tion (2) and the derivative of Equation (1). The molar heat of conversion is defined as Ah¢ = —ARY(T). A
detailed derivation of this approach is given in KANZ ET AL. 2025 [9].

dIn Keq(T)  ARY(T) @)
9T RT?

For integration into the simulation in UniSim® Design, these calculations take place within spreadsheets.
It is assumed that the hydrogen composition is always lagging 2 K behind the equilibrium due to conversion
kinetics. While the hydrogen’s composition is overwritten with the new composition after the considered
heat exchanger, the heat is not applied punctually. Instead, it is applied throughout the heat exchanger, using
an additional virtual stream having the thermodynamic state of the considered hydrogen process stream.
The virtual stream is led through the heat exchanger while delivering the heat calculated in the spreadsheet.
This allows precise allocation of the conversion heat to the hot composites throughout the heat exchanger.

(1)

2.3 Techno-Economic Modeling

The results of the process simulation are used for assessing the plants techno-economically by estimating
capital expenditures (CAPEX) and operational expenditures (OPEX). For the CAPEX, the factor based model
by TURTON ET AL. 2018 [10] is applied. It uses factors to scale costs based on equipment size, type, and ma-
terial, utilizing data from historical cost records and industry standards. Further, it accounts for installation,
indirect expenses, contingencies, fees, and auxiliaries. When the size of a component exceeds the range given
in [10], the costs are scaled using the cost-scaling function by COuPER 2003 [11].

For estimation of a plant’s OPEX, the power consumption resulting from the simulation is used, with an
electricity price of 50 USD/MWh which roughly correlates to power generation costs from renewable energy
[12]. The power consumption is divided into two categories: the plant’s own power consumption and the
power consumption for the precoolant. For precooling with MR, this corresponds to the power consumption
within the MR cycle. For LN; precooling, a specific power consumption of 0.5 kWh/kgn, [4] is assumed
which relates to LN; production in air separation units [13]. In addition, operation and maintenance (0&M)
costs contribute to the OPEX. A constant annual 0&M factor of 5% of the CAPEX is chosen, which is a typical
value for chemical plants [14]. All costs shown in this paper are calculated in 2023 USD, using the Chemical
Engineering Plant Cost Index (CEPCI) [15]. The simulated plants include storage capacities of 5 and 2 days,
respectively. For the 5 tpd plant, a larger storage was chosen as smaller plants typically need more buffer for
irregular demand. Further assumptions of the techno-economic model are summarized in Table 2.

For the techno-economic analysis, three key parameters are considered: the specific CAPEX relates the
overall CAPEX to the mass flow rate of liquefied hydrogen.

Spec. CAPEX = CA.PEX 3
My,

The specific energy consumption (SEC) is the net power of the plant per mass flow rate of liquefied hy-
drogen. The net power thereby results from the power Pequireq required for compression of the refrigerant
and for the precoolant, and from the power Piecovered that can be recovered in the turbo expanders. However,
recovering the power in the turbo expanders has only a small effect in the magnitude of 5% on the SEC [4].

SEC = Prequired — Precovered @
My,
Finally, the specific liquefaction cost (SLC) relates the annual OPEX and the annual share of the CAPEX

(CAPEX,) to the mass flow rate of liquefied hydrogen. Thereby, the SLC is just the specific cost of liquefaction
and not of liquid hydrogen, as no supply chain costs are involved.

CAPEX, + OPEX
My,

SLC = (5)
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Table 2: Techno-economic assumptions

O&M factor 5% of CAPEX

Electricity price 50 USD/MWh

Specific energy consumption for LN, 0.5 kWh/kgpn,

Exchange rate 1€ =1.05USD

Depreciation period 20 years

Plant utilization rate 95%

Interest rate 7%

Hydrogen loss 1%

Auxiliary power consumption 3% of net power

Turbine energy recovery efficiency 80%

Storage capacity 2 days (100 tpd) and 5 days (5 tpd plant)

Insulation 20% of vessel cost

Pipes, valves, cooling water, etc. Neglected for economics
3 Results

The SLC of both plants, calculated from the process simulation results and the techno-economic model, is
shown in Figure 4(a). To give a clearer picture, pie charts in Figures 4(b) to 4(e) break down the contributions
of the individual components of OPEX and CAPEX.
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Figure 4: Techno-economic results: specific liquefaction costs (SLC) and individual contributions to OPEX and CAPEX
of both considered plants

Figure 4(a) highlights the shares of OPEX and CAPEX in the overall SLC, indicating that both contribute
equally in both plants. Additionally, the techno-economic analysis reveals that the SLC is roughly halved in
the large-scale plant compared to the smaller-scale plant due to economy of scale.

In Figure 5, the specific CAPEX of the considered plants is plotted against plant size and compared to
literature values normalized to 2023 USD. To explore the scalability of even larger plants, a 200 tpd plant
was additionally simulated by scaling up the 100 tpd design. In doing so, the maximum equipment sizes,
particularly for compressors and heat exchangers, were constrained according to the limits defined in [4].
The results align well with the literature range, showing a significant reduction of the specific CAPEX with
plant size. However, at plant sizes beyond 100 tpd the influence of economy of scale is small, which is partly
due to the limited scalability of key components as hydrogen piston compressors [4].

The results for the SEC, as shown in Figure 6, also fall within the range reported in the literature. However,
the results of this study have a rather low energy consumption. A significant decrease of the SEC with plant
size is evident. Thereby, the reduction in SEC between the 5 tpd and the 100 tpd plant is not solely due to
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Figure 5: Comparison of this study’s results regarding the specific CAPEX depending on the plant size with literature
data[1, 4, 16-24]

economy of scale; differences in the precooling process also play a vital role. Consequently, when going to
the even larger 200 tpd plant, only minor further reduction is achieved.
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Figure 6: Comparison of this study’s results regarding the specific energy consumption SEC depending on the plant size
with literature data [1, 4, 5, 16-18, 20, 22-30]

A closer investigation of the individual contributions to OPEX and CAPEX of the 5 tpd and the 100 tpd
plant in Figure 4 shows that the CAPEX (Figure 4(d) and Figure 4(e)) is dominated by the compressors and
heat exchangers while all other components have minor influence. Even though in the 100 tpd plant, ad-
ditional equipment is required for the closed MR cycle, it does not add up significantly to the CAPEX. Con-
sidering the OPEX (Figure 4(b) and Figure 4(c)), the largest share in both cases is 0&M costs, driven by a
high CAPEX and the assumption, that annual O&M costs equal 5% of the CAPEX. The other considered con-
tributions to the OPEX are electrical power consumption. Costs associated with LN, in the 5 tpd plant and
with the MR cycle in the 100 tpd plant, respectively, are allocated to precooling and considered separately
from the plant’s remaining electrical power consumption. Notably, the share of the OPEX allocated to the
precooling drops significantly in the large-scale plant with MR.

However, in both figures, the O&M costs are significantly high which leads to the conclusion that the typi-
cal 0&M factor from the literature overestimates the costs. Considering that a hydrogen liquefaction plantis a
rather simple plant without reaction or corrosive fluids and with a relatively small amount of moving parts,
one could assume lower O&M costs. Thus, to show the high influence of the assumptions, two sensitivity
studies are conducted for the 100 tpd plant. First, the techno-economical analysis is repeated, assuming an
annual O&M factor of only 2% of the CAPEX but maintaining all other assumptions (adaption A). Then, ad-
ditional assumptions are altered for a second case (adaption B), representing typical “today’s” conditions.
The depreciation period is reduced to 10 years, which aligns with the typical contract duration for gas sup-
ply agreements. Further, 3 years of planning and construction are considered, where capital expenses are
incurred before operation, which has been neglected so far.

The results of adaption A and B are shown in Figure 7, where Figure 7(a) displays the SLC of the adaptions
alongside the reference case. While adaption A has a slightly smaller SLC due to a smaller OPEX, adaption B
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results in a larger SLC. Additionally, in adaption B, CAPEX dominates the overall costs, mainly resulting from
the shorter depreciation period. Further, Figure 7(c) shows the individual contributions to the OPEX for both
adaptions in comparison to the reference case in Figure 7(b). A high dependency on the 0&M assumption is
concluded. No comparison of the CAPEX distribution is shown as this was not altered by the case study.
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Figure 7: Techno-economic results: specific liquefaction costs (SLC) and individual contributors to OPEX of the adap-
tions and the reference case (100 tpd).

4 Conclusion
This paper has provided techno-economic results for hydrogen liquefaction plants based on comprehensive
process simulations in UniSim® Design with integrated ortho-para conversion using the approach by KANz
ET AL. 2025 [9]. The results indicate equal contribution of CAPEX and OPEX to the overall costs and show
good agreement with the literature. Further, the costs can be significantly reduced when building large-scale
hydrogen liquefaction plants. Closer examination of individual contributions to CAPEX and OPEX identify
compressors and heat exchangers as main cost drivers and indicate a high dependency on the study’s as-
sumptions for O&M costs. Thus, further case studies with adaptions regarding the O&M factor, depreciation
period, and construction period have been conducted.

While future LH; demands require building large-scale liquefaction plants, these must also be integrated
into cost-efficient large-scale supply networks, which requires highly optimized distribution routes. As LH;
infrastructure is expected to significantly impact overall costs, this should be investigated in future work.
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