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Abstract

The use of differential pressure energy for green hydrogen and ammonia comes with sig-
nificant safety challenges. Two zero-emission technical schemes—one based on magnetic
coupling transmission and another based on dual magnetic fluid seals—were proposed
and designed. The energy performance of both schemes was first analyzed for a DN200
pipe using the DWSIM software (Version 8.6.6). Subsequently, the levelized cost of elec-
tricity and the dynamic payback period were evaluated and compared. The results show
that the magnetic coupling transmission scheme exhibits relatively low energy efficiency
(54.9-61.7%), whereas the scheme based on dual magnetic fluid seals is more complex
yet achieves higher energy efficiency (65.8-67.1%). The levelized electricity cost of both
schemes under a differential pressure of 0.5 MPa is estimated to be lower than the feed-in
tariff of coal-fired power plants in China, and the dynamic payback period is estimated
to be less than 5.5 years. Overall, both schemes provide benefits in energy savings and
profitability. These schemes warrant further experimental investigation and pilot testing.

Keywords: differential pressure power generation; magnetic coupling transmission;
magnetic fluid seal; energy efficiency; levelized cost of electricity; payback period; avoided
carbon emission

1. Introduction

Energy conservation is a critical pathway toward achieving China’s carbon peaking
and carbon neutrality goals. Pressure regulation is widely encountered across multiple
stages of natural gas systems, including the well pad, gas-gathering station, purification
plant, export station, pressure-regulating gate station, and terminal equipment [1]. In recent
years, substantial efforts have been devoted to the natural gas differential pressure power
generation technologies to transform pressure energy into mechanical energy and, subse-
quently, electrical energy [2]. The China National Petroleum Corporation has deployed
dozens of such projects with rated capacities ranging from 150 to 3000 kW and pressure
differences of 0.4-3.5 MPa [1], demonstrating significant energy-saving and emission-
reduction benefits. Additionally, differential pressure power generation for other fluids and

Hydrogen 2026, 7, 65

https://doi.org/10.3390 /hydrogen7020065


https://crossmark.crossref.org/dialog?doi=10.3390/hydrogen7020065&domain=pdf&date_stamp=2026-05-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com
https://orcid.org/0000-0002-2749-427X
https://orcid.org/0009-0006-3448-0876
https://orcid.org/0000-0002-8879-9595
https://doi.org/10.3390/hydrogen7020065

Hydrogen 2026, 7, 65

2of 16

scenarios has attracted the attention of researchers, for example, hot water differential [3]
and steam differential pressure power generation [4]. Differential pressure energy recovery
is a positive energy saving and emission reduction measure, and has a certain degree of
technical maturity.

Under the global energy transition, green hydrogen and ammonia have emerged
as clean and sustainable energy carriers with broad development prospects. China built
dozens of green hydrogen projects in 2021, and 2025 marked a pivotal milestone in this
sector [5]. Recently, green ammonia has received considerable attention as a carbon-free
energy carrier for hydrogen storage and transport. As the demand for hydrogen and
ammonia increases, pipeline transportation is expected to become the dominant mode
for long-distance and large-scale delivery due to its safety, high efficiency, scalability, and
economic advantages [6,7]. There will also be pressure reductions in pipeline transport.
It will result in substantial waste of pressure energy to reduce the pressure using throttle
valves or self-operated regulators. Therefore, the pressure energy related to these steps
should be recovered and utilized for hydrogen and ammonia.

However, existing differential pressure energy utilization technologies of natural
gas cannot be directly applied to hydrogen or ammonia. Hydrogen differs significantly
from natural gas in its physical and chemical properties. It is more likely to leak from
pipe joints, flanges, valves, and other connections [8,9]. Moreover, hydrogen has a wide
flammability range and extremely low ignition energy, posing serious safety risks such
as fire and explosion. The safety of ammonia is divided into fire and health hazards [10].
It can form explosive mixtures with air under certain conditions. Gaseous ammonia
can cause respiratory distress and lung damage if inhaled in high concentrations. The
safety assurances for hydrogen and ammonia, such as sealing, leak prevention, and flame
retardants, are much stricter [11,12]. Special high-safety technologies need to be developed.

The expansion process is the core conversion for differential pressure power generation.
Previous studies on the expansion processes of hydrogen or ammonia were mostly related
to hydrogen liquefaction [13], hydrogen refueling [14], or ammonia refrigeration [15].
The working conditions of these processes were very different from those of differential
pressure power generation. Recently, some researchers carried out studies on pressure
energy recovery for the hydrogen pressure regulation of a fuel cell. Singer et al. investigated
different expansion machines and concepts to utilize hydrogen pressure energy for a proton-
exchange membrane fuel cell [16]. Rufer designed and evaluated a six-cylinder two-stage
piston expansion machine to recover the hydrogen expansion work for fuel-cell vehicles [17].
Regarding hydrogen pressure energy utilization, piston expanders were primarily used in
these reports; however, they did not focus on or quantitatively study sealing measures and
leakage rate.

Theoretically, various types of power equipment, such as turbines, screw expanders,
and double rotor expanders, can be used for hydrogen and ammonia pressure recovery [18].
Dry gas seals are commonly used in fluid machinery for natural gas and hydrogen. These
seals need to be equipped with auxiliary equipment and electrical devices and occupy
the corresponding space [19,20]. Another common option is mechanical seals, which may
employ fragile bearings and have high maintenance costs and long overhaul cycles [18].
Regarding the relevant regulations for hydrogen compressors, the leakage rate usually
does not exceed 33.5 cum/h, depending on the sealing pressure, rotation speed, and
balance diameter [21]. This leakage rate results in either energy losses or potential hazards.
An expansion process with zero leakage and low maintenance has higher application value.
However, to the best of our knowledge, such technical solutions specifically designed for
hydrogen and ammonia pressure energy recovery need to be developed.
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The high-safety and effective utilization of the differential pressure energy of hydro-
gen or ammonia represents a promising energy-saving opportunity. A key challenge
lies in achieving highly reliable sealing and leak prevention. Focusing on low- and
medium-pressure scenarios, with low and moderate flow, we proposed and analyzed
two zero-emission differential pressure power generation schemes for hydrogen and am-
monia. Then, we explored their technical feasibility and competitiveness, such as their
techno-economic performance and avoidance of carbon emissions, to clarify their future
development value. This work contributes to the development of safe and sustainable
pressure energy utilization technologies.

2. Technical Design and Evaluation Methods

2.1. Technical Design
2.1.1. Design Objective

Currently, there is limited information regarding large-scale and diversified pipeline
facilities for hydrogen or ammonia transport. Thus, this study was carried out with
reference to the pressure-regulating parameters in a natural gas pipeline network. Yang et al.
summarized the important parameters of a dozen differential pressure power generation
projects for natural gas [1]. The pressure difference (Ap) ranged from 0.4 to 2 MPa, with
most values being approximately 1 MPa. The expansion ratio varied from 1.1 to 2.6, with
most values being approximately 1.2. The flow range was 38-7 million m?/d. The rated
power capacity was 150-3000 kW, and the corresponding nominal pipe diameters varied
from approximately DN500 to DN1200.

This study focused on scenarios with small and medium capacities and moderate
pressure differences, such as a gas turbine, fuel cell, gas furnace, integrated energy station,
their nearby upstream pipeline facilities, etc. This study adopted the concepts of modular-
ization and combination to improve systematic flexibility and reliability. Figure 1 shows
the general solution of the pressure energy power generation system proposed in this study.
According to the total expansion ratio, the gas pressure could be reduced from high to
low pressure directly via one-stage expansion; otherwise, it could be reduced from high
to medium pressure, and then to low pressure, via multi-stage expansion. According to
the gas flow rate, two or more units were employed in one stage of the expansion. At least
two units should be used for both operation and standby to improve the system availability.
Subsequently, based on the above systematic design and our experiences in manufacturing,
the following parameters were set for one unit: a nominal diameter of <DN300, an in-
let pressure of <6.3 MPa, an expansion ratio of <2, and an exhaust temperature of the
expander (Tyypq,st) of >0 °C.

Hydrogen leakage is the core risk accounting for 60% of joint failures [9]. Consequently,
enhancing sealing performance and mitigating leakage risks are the primary objectives
of this study. Common seals include mechanical seals, hydraulic and pneumatic seals,
rubber seals, labyrinth seals, and magnetic fluid seals. How to transfer the rotating shaft
work from the inside of a high-pressure pipeline or container to the outside as efficiently
as possible with extremely low or zero leakage is the core difficulty. Therefore, we first
excluded the mechanical seal scheme due to its leakage risk, and then excluded the canned
generator scheme due to its low efficiency. Then, the scheme was designed based on
magnetic coupling transmission and magnetic fluid seal.
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Figure 1. General solution of differential pressure power generation system.

2.1.2. Technical Scheme Based on Magnetic Coupling Transmission

Firstly, a high-safety differential pressure power generation scheme was proposed
based on magnetic coupling transmission (MCT) to achieve zero leakage. MCT involves
a type of non-contact coupling, generally composed of two magnets with an isolation
cover separating them. One magnet connects to the driving component, while the other
connects to the motor, transmitting torque through the coupling action of the magnetic
fields of the N and S poles [22]. It eliminates the need for physical connection between
moving parts; therefore, it is advantageous in harsh or inaccessible environments. The
scheme of one unit is shown in Figure 2. Magnetic coupling transmission is a system
where a rotor with powerful permanent magnets is installed both inside and outside the
container, with a pressure-bearing isolation sleeve that can effectively conduct the magnetic
field. It is a static seal and ensures zero leakage, as the sealing element does not contact
the drive shaft. The key hardware of the MCT scheme includes an emergency shut-off
valve (ESV), an overpressure throttling valve (OTV (optional)), a preheater (optional),
an expander, a magnetic coupling transmission shaft, a generator, and a heat exchanger for
cold-energy utilization.

Expander
Gas > 7N ,
inlet <G \:\\ﬁ/ > L @ Generator
ESV oTV -
Preheater
MCT
_OR _ Gas
A\ " outlet

Heat exchanger

Figure 2. Schematic diagram of differential pressure power generation scheme based on magnetic
coupling transmission.

The main functions of each component are as follows: The emergency shut-off valve
allows or prevents upstream fuel gas to flow toward the expander. For the scenarios
with large pressure fluctuations, an overpressure throttling valve is recommended to be
installed to protect downstream facilities. If the upstream pressure fluctuation is within
the design range, this valve is not necessary. If the pressure drop and temperature drop
across the expander are small, and the exhaust temperature is ensured to be above the dew
point, the preheater is not required. Otherwise, a preheater should be installed to heat
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the upstream fuel gas to a certain temperature as needed based on the pressure drop and
ambient temperature. Nearby waste heat, solar thermal energy, or heat supplied by a heat
pump can be used as heat sources for the preheater.

The expander converts the pressure energy into mechanical energy, driving the inner
rotor of a magnetic coupling transmission shaft to rotate. After pressure reduction, the fuel
gas is discharged from the expander through two or more exhaust ports and then collected
and transported to downstream users. Expanders can be either screw-type or turbine-type.
Screw expanders are low-cost, structurally simple, stable, and reliable, and have good
output characteristics. They are widely used in waste heat and pressure energy recovery.
The isentropic efficiency of the expansion process is between 65% and 80% [1,23]. The
target isentropic efficiency of this design is set to 70%. The screw expander is supported by
maintenance-free ceramic bearings, which have the advantages of wear resistance, corrosion
resistance, a low thermal expansion coefficient, excellent lubrication performance, and
protection against electrolytic corrosion. The expander shell is made of hydrogen-resistant
steel, and surface-coating treatment can be applied to further enhance the resistance to
hydrogen embrittlement [24].

The magnetic coupling transmission shaft consists of inner and outer rotors, which are
made of high-performance rare-earth permanent magnet material. The pressure-bearing
isolation sleeve is installed at the end of the expander and between the inner and outer
rotors. Figure 1 is a schematic diagram, not a universal structure diagram, and a coaxial
arrangement is more suitable for large diameter pipelines [25]. The above arrangement is
only one type of structure of a magnetic coupling transmission shaft. The arrangement of
these components can also adopt the sleeve-type structure.

The isolation sleeve ensures a leak-free seal and transmits the shaft power of the inner
rotor to the outer rotor. The outer rotor drives the generator to generate electricity, com-
pleting the conversion from pressure energy to electricity. According to the characteristics
of gas flow variation, a gearbox can be set in front of the generator. The transmission
efficiency of the shaft is key to the whole scheme, which is between 80% and 90% [26].
Considering high-pressure application scenarios and the thickness of the isolation sleeve,
the target value of this efficiency is set to 85%. Furthermore, the thickness is proportional
to the eddy current loss of the magnetic coupling transmission, which is then converted
into heat energy. If the heat dissipation is not efficient and proper, it will heat up rapidly
and cause the magnet to demagnetize irreversibly. Therefore, a heat exchanger is arranged
to recover the cold energy of the exhaust gas for heat dissipation. The scheme with the
leak-proof magnetic coupling transmission shaft is highly reliable; however, the overall
conversion efficiency of pressure energy to electrical energy may not be satisfactory.

2.1.3. Technical Scheme Based on Dual Magnetic Fluid Seals

To improve energy conversion efficiency, another high-safety differential pressure
power generation scheme was proposed based on dual magnetic fluid seals (DMFSs).
A magnetic fluid seal is a non-contact, self-adjusting seal that uses magnetic fluids held
in place with a magnetic field to create a highly reliable barrier for rotating or stationary
shafts. It operates by combining magnetic fields with magnetic liquids containing micron-
or nano-scale magnetic particles. When exposed to a magnetic field, the particles align
along the field lines, forming a liquid O-ring that acts as a dynamic, self-repairing seal.
The magnetic fluid seal technology has been widely used as it has many advantages, such
as zero leakage, long service life, reliability, and stability [27]. As shown in Figure 3, the
key hardware of the DMFS scheme includes an emergency shut-off valve, an overpressure
throttle valve (optional), a preheater, an expander, a rotating shaft with dual magnetic fluid
seals, a nitrogen pressure chamber, a generator with a gearbox, a heat exchanger (optional),
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a nitrogen tank, and a nitrogen-regulating valve (NRV). A nitrogen pressure detector and
a hydrogen or ammonia detector are installed in the pressure chamber, alongside a matched
control device.

Expander

- 777N g
Gas — o S R
inlet R 4 " /
ESV OoTV Preheater 7 Generator N2 tank
DMFS
=Lf }\A > Gas
W/ outlet

Heat exchanger

Figure 3. Schematic diagram of differential pressure power generation scheme based on dual
magnetic fluid seals.

This DMFS scheme differs from the MCT scheme in terms of the transmission shafft,
the low-pressure side of the expander, sealing, and the nitrogen subunit. The structures
and functions of other components in the DMFS scheme are consistent with those in the
MCT scheme. The expander and generator share the same shaft but may differ in material
or surface treatment. The expander in the MCT scheme is solidly sealed at the low-pressure
side end face, whereas the transmission shaft in the DMFS scheme passes through the
low-pressure side end face of the expander. The core of this scheme lies in the magnetic
fluid seal, which boasts low initial investment, low maintenance cost, reliable sealing,
and extremely high transmission efficiency (98-99%). However, magnetic fluid seals also
face some issues, such as the potential for very slight leakage. The design and test of
a magnetic fluid seal for radioactive substances showed that the leakage rate was less than
10~ mbar-L/s [27]. In addition, acidic gases (such as HS) or condensate may compromise
the chemical stability of the magnetic fluid. Hydrogen may dissolve in the base fluid of
the magnetic fluid and permeate out. Hydrogen, being reduced, may affect the chemical
stability of nanoparticles in the magnetic fluid upon prolonged exposure. Lastly, this seal
is not suitable for very large pressure differentials. Therefore, to ensure sealing reliability
and prevent gas leakage to the outside, a nitrogen pressure chamber is set up after the
expander; the transmission shaft penetrates this chamber. A magnetic fluid seal is installed
at the connection between the expander and the pressure chamber to isolate the fuel gas
inside the expander from the nitrogen inside the chamber. Another magnetic fluid seal is
installed at the other end of the pressure chamber to isolate the nitrogen inside it from the
ambient air and maintain the pressure inside the chamber. The pressure in the chamber is
always higher than the expander’s exhaust pressure via a nitrogen regulating valve, with
a pressure differential margin of no less than 25%. The pressure chamber equipped with
dual magnetic fluid seals serves three purposes: (a) It reduces the pressure difference before
and after the magnetic fluid seal on the exhaust end of the expander, thereby protecting the
sealing parts. (b) In case of seal failure or malfunction, the nitrogen flows into the expander,
preventing gas leakage to the surroundings. By monitoring changes in nitrogen pressure
and hydrogen concentration inside the pressure chamber, early warnings can be given in
case of seal failure. (c) The design of the nitrogen injection position is optimized to cool
the magnetic fluid seals. To this end, this scheme incorporates a dedicated low-power
monitoring and control module.
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2.2. Process Simulation

The open-source process simulator DWSIM (Version 8.6.6) was applied to model
this unit and calculate the thermodynamic parameters and output power to conduct
a quantitative study of the above two schemes. The DWSIM model of the MCT scheme
is shown in Figure 4; that of the DMFS scheme is similar and is not presented in this
paper. The Soave-Redlich—-Kwong (SRK) equation of state was employed [18]. Taking the
inlet temperature of 15 °C as the benchmark, when the pressure difference was 0.5 MPa,
there was no need to preheat the inlet gas; when the pressure difference was 1 MPa,
the inlet gas needed to be preheated to 17.7 °C to ensure that the exhaust temperature
was not lower than 5 °C. “Heater” in DWSIM was employed to simulate the preheater,
assuming an energy efficiency of 99% and a pressure drop of 1 kPa. Then, the preheated
gas entered the screw expander to expand and generate work. “Expander” in DWSIM
was used to simulate this machine with a given outlet pressure and a specific isentropic
efficiency (with 70% as benchmark). The output work of the expander (Wt1) could not be
completely converted into power due to the energy losses related to transmission and the
generator. The transmission efficiencies #¢: and 77, were in the ranges of 80-90% and
98-99%, respectively. In this simulation, a “specification block” (logical block) was used to
simulate the energy efficiency related to the transmission. Similarly, another “specification
block” was used to simulate the generator’s mechanical efficiency. The heat exchanger
that recovered the cold energy of exhaust gas was simulated by “cooler”, with an energy
efficiency of 99% and a pressure drop of 1 kPa. The outlet temperature of this exchanger
was the same as that of the system’s inlet gas. Details of the input data and assumptions
are listed in Table A1l for the hydrogen differential pressures of 1.0 MPa as a typical case.

® — 6

Wt1 SP-1 Wt2 SP-2 W_net

—

Inlet gas

Q_preheat Preheat

_— )

T T

Outlet gas

1-gas

Q_cold

Figure 4. DWSIM model based on magnetic coupling transmission scheme.

Singer et al. reported the specific expansion work (approximately 643 kJ/kg) of
a single-stage expansion machine with an isentropic efficiency of 60% and a pressure
difference between 35 and 15 bar [16]. The value was 639.8 k] /kg, calculated via our
simulation, and the relative difference between them was only —0.5%. The validation
indicated that our simulation was rational.

2.3. Energy-Saving Evaluation

Energy efficiency is commonly defined as the ratio of useful energy output to total
energy input. Based on the working principle, the useful energy of a unit consists of the net
output power (W) and the cold energy of the outlet gas (Q.y;). The total energy input
includes the energy related to differential pressure (Ej,) and the energy of preheating the
inlet gas (Qpreneat)- Therefore, the overall energy efficiency of this unit (170) is calculated

as follows:
Ho = Wnet + Qcold
o

= x 100% @
Edp + Qpreheat
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where Wy, is the net output power of the unit (kW), and Ej, is the pressure energy of the
inlet gas (kW). In the case where preheating was required but the nearby heat source was
insufficient, one solution was to supply heat using a heat pump or an electricity heater, with
part of the generator’s output power being consumed to drive these devices for preheating.

When the differential pressure was small and the inlet gas temperature was relatively
high, preheating was unnecessary, and Qpyeheqr Was zero. Additionally, when waste heat
was used for preheating, Qpyeneqr could also be neglected. When the outlet gas temperature
approached the ambient temperature or when the installation site was far from cold-energy
users, the generated cold energy could not be utilized. When Qpyepeqr and Qoiq were zero
or negligible and the output power was the only useful product, the energy efficiency
of the unit (77,) was defined as the ratio of the net output power to the energy related to
differential pressure:

x 100% )

Alternatively, when Qpyeeqt and Qcoig Were negligible, the energy efficiency could be
evaluated by considering the efficiencies of all conversion steps: the expander efficiency
(1exp, 7o), the transmission efficiencies of the MCT (#7uct) and DMFS (#4y5), the generator
efficiency (77gen, %), and the self-consumption rate (775, %). 17mcr and Nmfs Were defined as the
ratio of the output shaft work to the input shaft work. 7; was defined as the ratio of the
power consumed by the monitoring and control module and other devices to the output
power of the generator. Assuming that the efficiencies of the two magnetic fluid seals
were equal, the energy efficiencies of the MCT and DMFS schemes (17, mcr and #7p pmrs, %)
could be calculated as follows:

Mp,MCT = Uexp'ﬁmct"?gen'(l - 775) 3)
p,DMFs = UexP'Uifs"?gen'(l —1s) (4)

2.4. Economic Evaluation

Although the two schemes could safely recover the pressure energy, there were costs:
the transmission energy loss of the MCT scheme was large, and the cost of the DMFS
scheme using two sealing parts and equipped with a nitrogen system might be high. This
study used two indicators, the levelized cost of electricity (LCOE) and the dynamic in-
vestment payback period (PBP), to evaluate the schemes’ economic performance. In this
section, only the case of a differential pressure of 0.5 MPa is analyzed as a conservative
condition. Considering the exhaust temperature and cooling capacity levels and possi-
ble application scenarios, the revenue related to cooling energy was not included in the
following assessment. Then, the LCOE was calculated as follows:

LCOE = —— 7 (¥ /kwh) 5)

where I represents the initial expenditure; A; represents the total annual cost in year i,
including the financing, utilities, repairs, maintenance, labor, and administrative costs. E,
r, and n represent the annual amount of power generation (kWh), the discount rate (%),
and the lifetime of the device (20 years), respectively. The economic model includes direct
and indirect capital investments, operation and replacement costs, labor costs, etc. [28,29].
Equipment cost is an important basic parameter. The unit equipment cost of a natural
gas differential pressure power generation system typically ranges from 10,000 ¥/kW to
17,800 ¥/kW [30,31]. Considering the combined cost corrections related to working pres-

https://doi.org/10.3390 /hydrogen7020065


https://doi.org/10.3390/hydrogen7020065

Hydrogen 2026, 7, 65

9o0f 16

sure and materials in the market, the unit equipment costs of the MCT and DMFS schemes
at a pressure difference of 0.5 MPa were estimated to be approximately 14,000 ¥/kW and
13,000 ¥/kW, respectively. The annual operation cost was estimated to be about 1% of the
total capital investment [28,29]. The annual labor cost was estimated as 10° ¥. The unit
equipment cost is generally a key indicator affecting the competitiveness of such technology
and economy. Given the high uncertainty in these data, this paper analyzed the uncertainty
of this parameter. From the perspective of operating costs, equivalent operating hours
(EOHs) may vary greatly with application scenarios, which will lead to the equal sharing of
fixed investment costs. When the cold energy is not considered, the electricity price is the
only parameter to determine the income. Therefore, this study focused on the impact of the
above parameters on economic indicators.

2.5. Avoided Carbon Emission Evaluation

Carbon emission was generally evaluated by the amount of greenhouse gas emissions.
Within the unit, the fuel gas functioned solely as a mechanical energy carrier. It was neither
combusted, chemically transformed, nor consumed; thus, no direct carbon emissions were
attributed to the operation of the unit. From the perspective of life cycle assessment, the
manufacturing, installation, and disassembly indirectly caused some carbon emissions.
Giardinella and Gopalakrishnan reported a gate—gate life cycle assessment on three waste
pressure recovery systems [32]. The generated electricity was assumed to displace an
equivalent amount of electricity from the regional power grid, and the indirect carbon
emissions related to devices or facilities were not considered. This work adopted the
same assumptions and carried out a gate-gate assessment, excluding the carbon emissions
related to facility manufacturing and disassembly. Note that this may underestimate the
carbon emissions.

Then, the avoided carbon emissions (ACE) were the product of the power generation
amount and the carbon emission factor of local electricity. This work further considered
the decline in the carbon emission factor during China’s energy transition. Therefore, the
life cycle avoided carbon emissions over the product’s lifetime were calculated as follows:

ACE = Y 2 (f-Wyer-EOH) (tCOze) ©6)

where f; is the carbon emission factor in year i. The time span in this study was 2026 to
2045. The carbon emission factors of each year are detailed in Table 1 [33].

Table 1. Predicted carbon emission factors of electricity of China’s electricity grid.

Year 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
fi (kgCOre/kWh)  0.512 0.499 0.485 0471 0458  0.444 0.430 0417 0403  0.389
Year 2036 2037 2038 2039 2040 2041 2042 2043 2044 2045
fi (kgCOe/kWh)  0.376 0.362 0.348 0.335 0.321 0.307 0.294 0280 0.266  0.253

3. Results and Discussion
3.1. Typical Operating Conditions

Two typical operating conditions for hydrogen pipes were taken as examples. The
following parameters were the same in both operating conditions: the nominal diameter
of the inlet gas pipeline was DN200; the volumetric flow rate was 2500 m3/h; the inlet
temperature of the fuel gas was 15 °C (no preheating was needed); and the exhaust pressure
was 3.6 MPa. The following parameters were different: the inlet pressures were 4.1 MPa and
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4.6 MPa, respectively; the pressure differences (Ap) were 0.5 MPa and 1 MPa, respectively;
and the expansion ratios were 1.14 and 1.28, respectively.

3.2. Energy-Saving Benefits

Table 2 shows the key results of both schemes when #,,,.; and mfs are 80% and 98%,
respectively. Under the same pressure difference, the W, and Q. of the DMFS scheme are
significantly higher than those of the MCT scheme, in which the cooling energy for the
isolation sleeve is deducted. This is primarily because the transmission efficiency of the
DMES scheme is much higher than that of the MCT scheme. For the same scheme, with the
increase in Ap, the Wy,.; and Q. increase, whereas the T,yy,,¢ significantly decreases. The
designer should check whether the exhaust temperature is too low under high differential
pressure conditions. When Ap is 0.5 MPa, the W;,; of the MCT and DMFS schemes are
167.0 kW and 200.1 kW, respectively, which are comparable to the power output of a 2.0 L
turbocharged engine in a passenger car. When Ap is 1 MPa, the W,,; of both schemes
are 386.9 kW and 463.5 kW, respectively, which are sufficient to support simultaneous
charging for multiple electric vehicles. Under this condition, the 7, of the MCT and DMFS
schemes are 54.9% and 65.8%, respectively, indicating that both schemes offer significant
energy-saving benefits, with the DMFS scheme demonstrating superior energy efficiency.

Table 2. Key output results of the two schemes.

Ap (MPa) Scheme Whet (KW) Toxhaust CO) Qco1a KJ/s)
MCT 167 149.7
05 DMFS 200.1 8.7 1938
1 MCT 378.2 04 379.1
DMFS 453.1 ’ 475.6

Figure 5 further illustrates the variation in net output power with transmission effi-
ciency and differential pressure. When 1+ and 17,5 are 80% and 98%, respectively, the
difference in W,,,; between both schemes is 16.5%. When #,;,.; and mfs are increased to 80%
and 99%, respectively, the difference in Wy, decreases to 8.0%. Meanwhile, the 7, of the
MCT scheme increases from 54.9% to 61.7%, while that of the DMFS scheme increases from
65.8% to 67.1%. The MCT scheme has the advantages of sealing and maintenance, but it is
more challenging to design and manufacture, with lower energy conversion efficiency. In
contrast, the DMFS scheme always maintains certain advantages in energy performance.

800
| 4p=
——0.5 MPa
el | ——1.0MPa
3 —
=400
§E 1 \ Mmer Monfs <
200 ,—L/__ -
0 T T T T T T T T
80 85 90 95 100

Mmer OF ”;nﬁ'\ (%)
Figure 5. Variations in Wy, with #7,¢t, Nimfss and Ap.

The evaluation above is based on an inlet gas temperature of 15 °C with no preheating.
This section further assesses the energy conversion performance under adverse conditions.
It is assumed that the inlet gas temperature is 0 °C, no waste heat is available nearby,
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and an air-source heat pump is used to preheat the inlet gas. The preheating temperature
(Tyrenear) is set inversely to ensure that the exhaust temperature does not fall below 0 °C.
The coefficient of performance of the heat pump is assumed to be 2.32 [34], and its power
consumption (Wpyepeqt) is supplied by the generator of this unit. Figure 6 shows that in the
case of Ap of 0.5 MPa, the minimum Tpyepeqt 15 9 °C. AS Tpyrepeqt rises from 9 °C to 15 °C, Wy,
increases from 138.6 kW to 231.2 kW. Compared with the W, in Table 1, the 7 associated
with preheating reaches or exceeds 69.3%, i.e., 69.3% or greater output power is used by the
heat pump. When T;;ep,e0: €xceeds 13 °C, the generator output power is less than the power
consumption by the heat pump. In the case of a Ap of 1.0 MPa, the minimum Tpyepeqt is
13 °C, and as Tpyepeqt rises from 13 °C to 15 °C, Wpypepeq: increases from 224.4 kW to 258.9 kW.
The 5 associated with preheating reaches or exceeds 49.5%. Although the generator output
power remains greater than the heat pump power consumption, the self-consumption ratio
remains considerably high. Clearly, the whole energy conversion performances significantly
deteriorate under the preheating mode. Therefore, the minimum preheating temperature
should be applied when preheating is required and no waste heat is available. Moreover,
the above results also indicate that the nearby waste heat should be preferentially used
for preheating rather than the power generated by this unit. Alternatively, solar thermal
energy or low-carbon renewable fuels should be considered as the heat source.

300
1 dp=
o] o
B i — 1. a
=
< 200-
= 1504
]00 T T T T T T T
8 10 12 14 16

Tpl‘ehca[ (OC)
Figure 6. Relationship between Wy, eest and Tprepeq: at different Ap.

3.3. Cost Performances

Figure 7 shows that with the increase in annual equivalent operating hours (EOHs),
the levelized cost of electricity of both schemes decreases rapidly at first and then slowly.
The LCOE of the MCT scheme is consistently higher than that of the DMFS scheme with
the same EOH. When the EOHs of the MCT and DMFS schemes exceed 3500 h and 2800 h,
respectively, their LCOE falls below the current electricity price (P,,) for industrial users
in China, which generally ranges from 0.5 to 0.9 ¥/kWh. When the EOHs of the MCT
and DMFS schemes exceed 5000 h and 4600 h, their LCOE falls below the feed-in tariff of
coal-fired power plants in China (approximately 0.4 ¥/kWh, as shown by the dot dash line
in Figure 7). The results indicate that both differential pressure power generation schemes
are economically feasible under appropriate EOH conditions.

Figure 8 illustrates the relationship between the dynamic PBP and the annual EOH,
where Pe denotes the selling electricity price for the differential pressure power generation
unit. For a fixed P, PBP decreased rapidly at first and then gradually with the increase
in EOH. The PBP of the DMFS scheme is always shorter than that of the MCT scheme.
As P, increases, the PBP of both schemes also significantly decreases. The green dotted
line in Figure 8 represents a PBP of 8 years, which is a common target value for energy
projects in China. When the P, values are 0.5, 0.7, and 0.9 ¥/kWh, respectively, the EOHs
corresponding to an 8-year PBP for the MCT scheme are approximately 6500, 4700, and
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3600 h/a, respectively; for the DMFS scheme, they are approximately 5700, 4100, and

3200 h/a, respectively.
1.0
N\
0.84 "\
~ \\
£ 06 e
Z :
&
o 044
S
3 024 ——MCT
- - --DMFS
0.0 - T T T T
2000 4000 6000 8000

EOH (h/a)

Figure 7. Relationship between LCOE and EOH.
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Figure 8. Relationship between PBP and EOH at different P,,, (a) P, of 0.5 ¥/kWh, (b) P, of
0.7 ¥/kWh, and (c) P, of 0.9 ¥/kWh.

Under the same conditions, the economic performance of the DMFS scheme is better
than that of the MCT scheme; however, the gap between them gradually decreases with
the increase in the EOH. In general, neither scheme is recommended for scenarios with an
EOH below 3000 h/a. For an EOH of 6000 h/a or higher, the PBP values of the MCT and
DMES schemes do not exceed 5.5 years and 4.6 years with the baseline P, (0.7 ¥/kWh),
respectively, indicating their strong economic competitiveness, comparable to that of
natural gas differential pressure power generation [4]. The above results demonstrate that
both schemes can yield profits; nevertheless, the DMFS scheme exhibits better economic
performance than the MCT scheme under the same conditions. Based on the technical and
cost models, the EOHs for the MCT and DMFS schemes should not be less than 6500 h/a
and 6000 h/a, respectively.

The sensitivity coefficients of LCOE to equipment cost and EOH were in the ranges of
0.82-0.84 and —0.75-1.5, respectively. The sensitivity coefficients of PBP to equipment cost,
EOH, and P, were in the ranges of 1.15-1.34, —0.93-—2.5, and —0.98-—2.23, respectively.
These results indicate that equipment cost, EOH, and P, are crucial parameters for the
schemes’ economic competitiveness. As the equipment cost was estimated by referring to
that of natural gas differential pressure power generation facilities, the uncertainty analysis
was carried out for the equipment cost to further explore the economic feasibility of the
two schemes. Figure 9 shows that under the benchmark conditions of 6000 h and 0.7 ¥/kWHh,
the LCOE and PBP increased almost linearly with the relative change in equipment cost.
Even if the equipment cost increased by 30%, as shown by Figure 9a, the LCOE and PBP
of the MCT scheme did not exceed 0.42 ¥/kWh and 7.7 years, respectively; meanwhile, as
shown by Figure 9b, those of the DMFS scheme did not exceed 0.39 ¥/kwh and 6.4 years,
respectively. The results indicate that the two schemes would be profitable when the
equipment cost rises moderately.
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Figure 9. Variations in LCOE and PBP with relative change in equipment cost, (a) MCT scheme, and
(b) DMFS scheme.

3.4. Carbon Emission Reduction Benefits

Figure 10 shows that, when the EOH increased from 4000 h to 8000 h, the ACE of the
MCT scheme increased from 5112 tCOse to 10,224 tCO,e, and that of the DMFS scheme
increased from 6125 tCOse to 12,250 tCO,e, with the difference between the two schemes
gradually widening. Carbon emission reduction benefits can be measured by referring to
the carbon sink capacity of forests. The average carbon sink density of forests in China
is proximately 40 t/ hm? [35]. When the EOH was 4000 h, 6000 h, and 8000 h, the ACE
of the MCT scheme was equivalent to the carbon sink of 128 hm?, 192 hm?2, and 256 hm?
forests, respectively, and that of the DMFS scheme was equivalent to the carbon sink of
153 hm?, 230 hm?, and 306 hm? forests, respectively. The results indicate that the differential
pressure power generation with a DN200 pipe and a pressure difference of 0.5 MPa could
play a significant role in reducing carbon emissions over its lifetime.

15,000
{ [CImct

12,000 [ DMFs o
2 6000 T
S 9,000 -
9 ]
= 6,000 -
O ]
=

3,000 - = . -

4000 5000 6000 7.000 8000
EOH (h/a)

Figure 10. Relationship between ACE and EOH.

4. Conclusions

Two zero-emission differential pressure power generation schemes, one based on mag-
netic coupling transmission and another based on dual magnetic fluid seals, were proposed
and designed to address the challenges of pressure energy recovery from high-risk gases.
Focusing on low- and medium-pressure scenarios, both schemes were analyzed based on
DWSIM modeling, and compared in terms of energy efficiency, economic performance,
and avoided carbon emissions. The main conclusions are summarized as follows. The
two schemes were designed for scenarios with a nominal diameter of DN300 or less, an in-
let pressure of up to 6.3 MPa, and an expansion ratio of up to 2. It is recommended that
two or more units be used simultaneously. The MCT scheme employs a static seal, offering
advantages such as no moving wear, a simple structure, and no leakage risk. However, its
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energy efficiency is relatively low (54.9-61.7%). The DMFS scheme utilizes dual magnetic
fluid seals, providing higher transmission efficiency. Because this scheme uses a nitrogen
pressure chamber along with the monitoring and control module for nitrogen pressure and
hydrogen concentration, it achieves a better balance between energy efficiency (65.8-67.1%),
sealing reliability, early warning capability, and maintainability. Under suitable EOH condi-
tions, the LCOE of both schemes is lower than the feed-in tariff of coal-fired power plants
in China, and the PBP is estimated to be less than 5.5 years. Both schemes positively
contribute to the mitigation of carbon emissions by generating power without any indirect
emission of greenhouse gases. The ACE of the MCT and DMFS schemes with EOH of
8000 h/a are equivalent to the carbon sink of 256 hm? and 306 hm? forests. Under the
same conditions, the DMFS scheme is superior to the MCT scheme in terms of energy and
economic performance, and carbon emission reduction.

With the accelerated development of green hydrogen and ammonia infrastructure, the
schemes are expected to have application prospects in pipeline transportation, hydrogen-
related chemical plants and steel plants, gas turbine power plants, etc. However, the
results and conclusions are based on simulations and require experimental validation.
Furthermore, this study has following limitations. Firstly, the efficiency of the expander is
a crucial indicator of the systematic energy efficiency, which was kept constant in this study.
Future efforts should focus on maximizing the efficiency of screw expanders; alternatively,
high-efficiency microturbines should be considered and developed as replacements for
screw expanders. Secondly, the reliability and lifetime of both schemes need strict and
comprehensive testing for the targeted gas. Thirdly, the equipment cost was estimated by
referring to that of natural gas facilities, as no manufacturing data are available. A more
accurate cost analysis should be carried out based on actual manufacturing activities.
Finally, the carbon emission assessment should be extended from the gate-to-gate method
to the cradle-to-grave method. Further experimental studies and pilot tests should be
carried out.
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Appendix A

Table Al. Objects and Settings of a typical DWSIM model.

Device Object Parameters

Hj inlet pressure: 4.601 MPa
H,; inlet temperature: 15 °C
Mass flow: 9443.24 kg /h
Efficiency: 99%
Pressure drops: 1 kPa
Outlet temperature: 17.7 °C

Adiabatic Efficiency: 70%
Screw expander Expander Outlet pressure: 3.6 MPa
Outlet temperature: 5.02 °C
Efficiency: 99%
Heat exchanger Cooler Pressure drops: 1 kPa
Outlet temperature: 15 °C

Preheater Heater

Expression:
MCT scheme: Y = 17y X X
Transmission Specification Block Hmet: 80-90%
DMEFS scheme: Y = 15 X s X X
Nmfs: 98-99%

Expression: Y = #7ge, X X

Generator Specification Block gen: 98%
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