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Abstract

Liquefaction systems are among the physical techniques of hydrogen (H,) storage with a high specific power
consumption (SPC), a high manufacturing cost, and inevitable boil-off losses. Liquid air cold (LAC)
recovery is among the strategies that could be used to reduce the energy consumption of these systems. The
present work economically evaluates a combined hydrogen liquefaction configuration using combined heat
and power (CHP) system, photovoltaic cell (PVVC) unit, and liquid air energy recovery for pre-cooling under
climatic states of Yazd, Iran. The LAC recovery is used to pre-cool hydrogen. Moreover, the cascade
refrigeration systems with helium and hydrogen refrigerants are employed to supply refrigeration and
liquefaction. Liquid air along with natural gas enters CHP after cold energy recovery and compression, and
supplies a part of the power demand of the liquefaction structure. The rest of the power required for
refrigeration cycles to liquefy hydrogen is supplied by the PVC unit. This integrated structure generates
liquid hydrogen by receiving 5559 kW of power from PVC unit, 60.79 kg/h of natural gas, 8000 kg/h of
liquid air, and 1028 kg/h of gaseous hydrogen as the inputs. The annualized cost of the configuration (ACC)
is applied to economically evaluate the hydrogen liguefaction system using renewable energies. The
developed integrated structure is economically evaluated by the HYSY'S V10 software and the m-file code in
the MATLAB package. The economic research results of the hybrid cycle indicate the period of return
(POR), prime price of liquid hydrogen production, and additive value (AV) are 4.249 years, 5.432 USD/kg
LH,, and 1.567 USD/kg LH,, respectively. The economic sensitivity examination of the combined system
reveals POR increases from 2.295 to 13.97 years and net annual profit decreases from 32.66 to 5.366
MMUSD/year by increasing the gaseous hydrogen cost from 1.4 to 3.4 USD/kg LH,. Moreover, POR
increases from 2.753 to 25.07 years, and the levelized cost of product increases from 5.02 to 7.488 US$/kg
LH, by increasing the capital cost from 52.5 to 217.5 MMUSD.

Keywords: Phrase One, Phrase Two, etc. (The author(s) should provide up to 7 keywords to help identify
the major topics of the paper).

1. Introduction

The growing population, declining fossil fuels,
and increasing pollution from these energy
sources have recently led the researchers to
consider other energy sources that are both clean
and sustainable. Therefore, hydrogen can be
considered as an important energy carrier and a
suitable alternative for fossil fuels [1]. The
hydrogen energy density plays a major role in
hydrogen  distribution and  transportation.
Hydrogen has a low energy density despite its
high heating value. Hydrogen has a significantly
lower energy density compared to the fossil fuels.
The energy density of the compressed H, is
approximately 17 times inferior to that of liquid

gasoline at 200 bar and 15 'C. However, its
energy density can significantly increase by
liquefaction. Studies have reported that the energy
density of liquid hydrogen is 5 times higher than
that of the compressed state at 200 bar and 15 'C
[2]. The hydrogen liguefaction method is used for
long-term hydrogen storage and transport to
distant places. The reduced specific energy
consumption (SEC) for H, liquefaction has
recently received a great attention [3]. Cryogenic
liquids, nanomaterials, chemical hydrides, metal
hydrides, and compressed gas are used as the
hydrogen storage systems [4].
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1.1. Hydrogen liquefaction cycle

Hydrogen passes through other parts to reach a
high pressure and a temperature close to the
normal boiling point. The current state of the gas
along with final expansion leads to hydrogen
liquefaction. This expansion can occur due to
enthalpy at Joule-Thomson valve or entropy in
wet expanders. In the hydrogen liquefaction
process, temperature decreases through pre-
cooling and cryogenic cooling [5].

1.2. Photovoltaic

Solar energy is among the most sustainable and
cheap energy sources in the world. Generating
electricity by PV systems is among the main
applications of solar energy. Using solar energy
and PVC units have recently received a great
attention [6]. Yazd has approximately 330 sunny
days per year and a good renewable energy
capacity. In this work, electricity is generated
considering the geographical location and weather
conditions of Yazd as well as using solar energy
and PV systems to supply a part of the cycle
demand.

1.3. Combined heat and power system

A fuel cell is an electro-chemical unit that
changes the chemical energy resulting from a
chemical reaction into useful electrical energy.
Nowadays, fuel cells are regarded as a novel
technology in energy production, among which
solid oxide fuel cells (SOFCs) have received a
greater attention owing to high efficiency, lack of
environmental pollution, combined heat and
power generation, ability to use different fuels
including hydrogen and capability of hybrid with
other units [7]. The energy conversion efficiency
of this system is very high, and its waste is very
low or zeroes depending on the type of fuel
consumed. Moreover, the heat produced in these
fuel cells is of high quality, and could be used in
various power generation systems. The hybrid
systems developed by combining SOFCs with
different power generation systems have received
a great attention as novel energy generation
sources. Due to their high efficiency and low
pollutant emission, these hybrid systems could
significantly affect power generation in the near
future. Hydrogen fuel cells do not emit any
pollution, and their only by-product is pure water
vapor [8].

1.4. Literature review

Naquash et al. [9] have examined the performance
of the integrated H, liquefaction system using the
ORC-based liquid air energy system and
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absorption refrigeration. The results indicated that
the SEC and exergy efficiency were obtained at
6.71 kWh/kg LH, and 35.7%. Taghavi et al. [5]
have developed a combined H, liquefaction
configuration by the LAE recovery, PVC units,
and fuel cell. The results revealed that the hybrid
structure generated 1028 kg/h of liquid hydrogen.
The power generation cycle efficiency, the SPC of
H, liquefaction process, and fuel cell system
efficiency were obtained as 44.06%, 5.955
kWh/kg LH,, and 62.96%, respectively. Riaz et
al. [10] have examined the feasibility of
improving the performance of liquefied natural
gas (LNG) regasification in the H, liguefaction
system using the exergy and energy analyses. The
results obtained revealed that the total amount of
refrigerant decreased by approximately 50%.
Moreover, the exergy efficiency of the developed
process was calculated at 42.25%. Wilhelmsen et
al. [11] have tried to reduce exergy destruction in
low-temperature exchangers in H, liquefaction
system. They proposed a novel model of plate-fin
exchanger for H, liquefaction. The potential of the
developed model for reducing exergy destruction
was obtained as 43%. Nabat et al. [12] have
examined a novel energy storage system by liquid
air energy storage (LAES). They integrated LAES
with high-temperature thermal energy storage
(HTES) by performing energy, exergy, and
economic analyses. The round-trip exergy and
energy efficiencies were calculated at 52.84% and
61.13%, respectively. Yuksel et al. have
suggested a novel integrated cycle for H,
liquefaction and production using waste material
gasification [13]. The proposed integrated system
was examined by the exergy and energy analyses.
The results obtained revealed that the hydrogen
production rate and total exergy and energy
efficiencies were obtained as 0.077 kg/s, 58.15%,
and 61.57%, respectively, when the generated net
power was 94 MW. Naquash et al. have presented
a novel method in order to improve the efficiency
of the H; liquefaction system [14]. Carbon dioxide
was used as the pre-cooling refrigerant. The
exergy, energy, and economic analyses were
considered. The results obtained indicated that the
exergy efficiency of the proposed process was
31.4%, and hydrogen could be liquefied at the
expense of 7.63 kWh/kg. Kaska et al. have
evaluated the efficiency of the hybrid organic
Rankine-vapor compression cooling plant by H,
liquefaction [15]. The efficiency coefficient of the
whole system was calculated considering the first
and second laws. The results obtained showed that
the hydrogen liquefaction cost was 0.995 USD/kg
H,. Yang et al. [16] have proposed a combined H,
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liquefaction model by steam methane reforming
(SMR). They designed their model using a LNG
cooling system, and analyzed the techno-
economic performance of the H, liguefaction
system. The simulation results revealed that the
energy required for hydrogen liquefaction
decreased from 1358 to 11.05 kWh/kg.
Khoshgoftar Manesh et al. [17] have analyzed the
energy and exergy of a novel energy storage
system by integrating the liquid air unit, Linde-
Hampson liquefaction system, ORC, and molten
carbonate fuel cell (MCFC). The results displayed
that the storage and round-trip yields of hybrid
system were 0.8622 and 0.6931, respectively. The
exergy yields of the structure was calculated as
0.6025. Koc et al. [18] have thermodynamically
evaluated a novel electricity energy cycle to
produce liquid H,. The useful production
efficiency was examined using a thermodynamic
approach under different working conditions, and
energy and exergy analyses were performed. The
exergy and energy efficiencies were obtained as
58.37% and 60.14%, respectively. Bi et al. [19]
have analyzed and optimized an innovative H,
liquefaction  system  for circulating H,
refrigeration. The exergy losses of the main
devices and temperature curves were examined.
Moreover, the performance of the suggested
system was compared with other existing systems.
The results obtained showed that the SEC,
coefficient of performance (COP), and exergy
yield were obtained as 7.041 kWh/kg LH,,
0.1834, and 0.5413, respectively, assuming
complete liguefaction of H,. Zhang et al. [20]
have designed a new H, liquefaction process, and
analyzed its performance. The proposed model
was developed based on the combination of the
improved Claude precooling system with Joule-
Brayton cooling system and mixed refrigerants.
The COP, SEC, and exergy yield of the developed
unit were obtained as 0.1574, 5.85 kWh/kg LH,,
and 55.30%, respectively. Faramarzi et al. [21]
have suggested a novel H, liquefaction system
based on the mixed refrigerant cycle and LNG
cold energy. The exergy and economic
investigations were performed. Then the
suggested cycle was compared with the previous
cycles. The results obtained revealed that SEC of
the developed model was 19.90% lower than that
of similar models. Moreover, the annual cost of
the developed model was 13.43% lower than that
of the initial model. Ebrahimi et al. [22] have
studied the thermodynamic properties of a new H,
liquefaction system using solar collectors and a
thermo-electrochemical unit. The pinch method
was used in multi-stream exchanger in order to
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achieve the heat exchanger networks. The thermal
efficiency and SEC of the integrated system were
obtained as 71.4% and 7.6 kWh/kg LH,,
respectively. Lee et al. [23] have presented an
integrated hydrogen liquefaction model by SMR
and CO, liquefaction processes. For this purpose,
the techno-economic analysis was performed to
examine the feasibility of each process. The
process flow conditions were optimized using the
genetic algorithm. The results obtained indicated
that the energy efficiency was improved by 47.4%
by modifying the refrigeration cycle. Seyam et al.
[24] have investigated a H, liquefaction model
integrated with the geothermal system. The H,
liquefaction system consisted of the hydrogen
Claude and nitrogen precooling units. The SEC,
exergy, and energy efficiencies were obtained as
6.47 kWh/kg LH, 63.7%, and 19.8%,
respectively. Yuksel et al. [25] have evaluated a
new H, liquefaction plant by examining the extent
of degradation of each process and exergy
efficiency. Moreover, they performed the
parametric analysis to assess the system
performance. The results obtained showed that the
exergy and energy efficiencies of the proposed
model were calculated at 57.13% and 70.12%,

respectively. Hammad et al. [26] have
thermodynamically analyzed an advanced
hydrogen liquefaction system to make

modifications, and improve the system. The
energy and exergy efficiencies were calculated to
evaluate the system performance. The exergy and
energy yields of the proposed cycle were 11.5%
and 15.4%, respectively. Cardella et al. [27] have
proposed a suitable approach for stepwise
implementation of large hydrogen liquefiers in a
cost-effective manner. The novel liguefaction
processes were optimized in terms of cost and
efficiency. The results obtained showed that SEC
was among 5.9 and 6.6 kWh/kg LH, within 5
years. Moreover, the specific liquefaction prices
decreased by about 60% by increasing production
from 5 to 50 tons per day. Kanoglu et al. [28]
have presented a new integrated cycle for the H,
liquefaction unit. The presented model was
analyzed using geothermal energy in absorption
pre-cooling and the laws of thermodynamics. The
exergy efficiency and COP of the cycle were
obtained as 67.9% and 0.016, respectively.
Asadnia et al. [29] have designed a hybrid

structure to purify a stream-containing hydrogen.
The results obtained showed that the purity,
recovery rate, and exergy yield of the developed
system were 88.1%, 25.1% and 91.73%,
respectively. Bian et al. [30] have presented a
novel H, liquefaction system, and performed the
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thermodynamic and economic analyses. The
proposed model was designed with LNG
regasification and dual-pressure Brayton cascade
cycle. The exergy efficiency and losses of the
proposed process were 47.0% and 12.36 MW,
respectively. Yin et al. [31] have analyzed and
optimized a novel hydrogen liquefaction cycle.
They compared their proposed system with other
existing systems, and used genetic algorithms to
optimize their process. The SEC and exergy
efficiency were obtained as 7.1329 kWh/kg LH,
and 0.4941, respectively. Incer-Valverde et al.
[32] have evaluated a large-scale hydrogen
liquefaction system. The most important
components from the thermodynamic, economic,
and environmental viewpoints were examined.
The exergy-based method was used to identify the
system inefficiencies. The results obtained
showed that the exergy efficiencies of the H,
liquefaction system and electrolyzer were
calculated as 42% and 47%, respectively. Yilmaz
[33] evaluated a H, liquefaction cycle by
geothermal energy. The optimum energy
consumption of H, liquefaction was calculated.
Moreover, the life cycle price analysis of the H,
liquefaction system was investigated. The
network requirement of the liquefaction cycle was
calculated as 8.6 kWh/kg LH,. Koc et al. [34]
have proposed a novel liquid hydrogen production
model using the solar and biomass energies. The
thermodynamic analysis was performed to design
a more efficient system. The exergy and energy
yields of the proposed cycle were calculated as
54.18% and 58.43%, respectively. Krasae-in et al.
[35] have simulated a small-scale H, liquefaction
test rig using a mixed refrigerant (MR) system.
Exergy analysis was performed to find out the
MR system losses. The results obtained showed
that the exergy yield of the MR cycle was 38.3%.
Yuksel et al. have proposed a novel integrated
multi-generation system based on solar energy for
hydrogen production and liquefaction [36]. The
energy and exergy efficiencies were as 62.35%
and 65.17%, respectively. Ratlamwala et al. [37]
have proposed a novel hybrid system based on
renewable energies for hydrogen liquefaction
using the PV/T energy, geothermal energy, and
Linde-Hampson cycle. The exergy and energy
efficiencies of the developed integrated system
decreased from 0.21 to 0.13 and 0.059 to 0.037,
respectively. Azizabadi et al. [38] have developed
a new concept for H, liquefaction using waste heat
of thermal power plants. The performance of the
proposed model depended on the exhaust gases of
turbines of the gas power plant. The results
obtained showed that COP and SEC were
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calculated as 0.271 and 4.5 kWh.kg LH,"
respectively. Utlu et al. [39] have performed the
exergy investigation of an advanced H,
liquefaction system using the cryogenic method.
The results obtained showed that the total exergy
efficiency of the H, liquefaction cycle was
32.22%. Moreover, the total exergy destruction of
devices was calculated as 44,915 kW. Gadalla et
al. [40] have presented an integrated H,
liquefaction system based on triple-effect
absorption chiller using geothermal energy and
Linde-Hampson system, and evaluated its
performance. The results obtained showed that the
exergy and energy efficiencies of the proposed
cycle decreased from 0.92 to 0.08 and 1.33 to
0.12, respectively. Ozcan et al. [41] have
thermodynamically modeled a hybrid system for
H, production and liquefaction. They aimed to
provide a clean method for hydrogen production
and liguefaction. Simulation was performed by
the Aspen Plus software. The results obtained
showed that the exergy and energy efficiencies of
the hybrid system were 31.35% and 18.6%,
respectively. Boyaghchi et al. [42] have evaluated
and optimized the exergetic, exergo-economic,
and exergo-environmental aspects of a novel
hydrogen liquefaction model. They proposed a
pre-cooling system using the cascade ORC and
ejector refrigeration cyclesto reduce power
consumption in the H, liquefaction system. The
results obtained revealed that COP increased by
10%, and the environmental impact (EI) per
exergy unit decreased by 0.0309 $/MJ.

Numerous studies have been recently performed
on H, liquefaction in order to reduce energy
consumption and supply the power of hydrogen
liquefaction structure. The present research work
economically evaluates a combined H,
liquefaction unit using the LAC recovery and
renewable energies under the climatic states of
Yazd, Iran. Further details of the simulated hybrid
structure are provided in the reference [5], which
was designed by the authors of this paper. The
main innovation of the present work is the
economic analysis of the developed hybrid
system.

2. Methodology

This work was conducted to examine a hybrid H,
liquefaction system using the LAC recovery for
pre-cooling as well as cascade refrigeration units
with helium and hydrogen refrigerants for
liquefaction. Moreover, the CHP, renewable solar
energy, and PVC units were employed to supply
the cycle power. Figure 1 illustrates the block
flow diagram (BFD) of the developed hybrid
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system. Figure 2 indicates the diagram of H, liquefaction process and its transport by ship.
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Figure 1. Block flow diagram of the hybrid process (modified from Ref. [5]).
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Figure 2. Diagram of H, liquefaction system and its transport by ship.
3. Process description hot outlet stream of CHP was used to supply the
Given that hydrogen is a renewable and clean fuel thermal energy of the power generation unit and
with a high volume and pressure and low density, pre-heat the inlet stream to CHP and gas turbine.
its application as a fuel in the storage and The PVC units were used to supply the power of
transportation processes poses challenges. Hence, the hybrid H, liquefaction system under climatic
hydrogen is stored as a gas. Hydrogen conditions of Yazd. Further details of the
liquefaction is considered a suitable method, simulated hybrid structure are provided in
through which the problems of hydrogen reference [5].
transportation from origin to destination could be
solved. 3.1. Hydrogen liquefaction cycle
In this research work, a hybrid H, liquefaction Hydrogen molecules are present in the two ortho
structure was investigated using renewable and para forms, which are in equilibrium under
energies and cold energy recovery of liquid air. certain temperature conditions and play a major
The CHP and gas turbines were fed by the role in the hydrogen liquefaction cycle. Hydrogen
compressed  liquid air passing through includes 25% para and 75% ortho forms at the
refrigeration recovery and reheating phases. The standard temperature and pressure. Catalytic
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reactions are employed to accelerate ortho-para H,
conversion in CR1 and CR2 conversion reactors.
The ortho-para H, conversion is an involuntary
and exothermic process. If ortho H, is not
changed into para H, before being liquefied by a
catalytic procedure, the heat produced by the
ortho-para conversion causes most of the
produced liquid H, to evaporate. Given that
hydrogen tends to remain in the para form at
temperatures below -193 °'C, i.e. equilibrium
temperature, the above conditions occur.

At the beginning of the hydrogen liquefaction
cycle, stream H, with a temperature of 25 'C,
pressure of 25 bar, and mass flow rate of 1028
kg/h enters the heat exchanger HEl and its
temperature reduces to -164 'C. The required
refrigeration is provided by liquid air flow K2 to
pre-cool the exchanger HE1l. Then stream H,
enters the exchanger HE5, and its temperature
declines to -194.6 ‘C. The cascade refrigeration
cycles with helium and H, refrigerants are used to
cool the H, liquefaction cycle. Subsequently,
stream H12 including para-H, with the
temperature of -255 C, pressure of 21 bar, and
mass flow rate of 1028 kg/h enters the expander
T7 and its pressure decreases by 1.3 bar. Then
stream H13 leaves turbine T7 and enters flash
drum D1. Finally, stream H15, which is the
produced liquid H,, exits from the bottom of flash
drum D1. A part of the waste heat of H,
liquefaction refrigeration system in  heat
exchangers HE10 and HE11 are employed to pre-
heat the compressed air. In the gas turbines T8,
T9, and T11, the compressed air enters SOFCs by
reducing the pressure by stream H1 at the
temperature of 30 'C, pressure of 1.34 bar, and
mass flow rate of 2065 kg/h.

3.2. Solid oxide fuel cell

Fuel cells directly convert the chemical energy
resulting from a reaction into useful electrical
energy. Energy conversion efficiency of this
system is very high so that its waste is very low or
zero depending on the type of consumed fuel.
Hydrogen fuel cells do not emit any pollution, and
their only by-product is pure water vapor. Natural
gas or other fuels are used to provide the required
fuel for SOFCs. The overall fuel reforming
reaction and water vapor is presented as equation
1[7]:

In SOFCs, oxygen ion (O?) carries the charge and
the electron is produced through the reaction of H,
with the electrolyte transferred to the anode. In the
heat exchanger HE20, a part of the outlet stream

from reactor R101, known as return stream K29,
is used to pre-heat the input stream to the anode.
The rest of the hot outlet stream goes to heat
exchanger HE28 in the power production unit,
and the temperature of stream S6 increases to 680
"C. Stream S6 has a high temperature and pressure
but its pressure declines to 23.86 bar after entering
turbine T10. Stream S7, which is the outlet
current from gas turbine T10, goes to the
compressors to increase the pressure and provide
pre-heating.

3.3. PVC unit simulation

The international energy agency (IEA) has
provided the necessary performance parameters to
analyze the performance of on-grid PV systems.
The final system vyield, performance ratio,
reference yield, inverter efficiency, array capture
losses, system’s total energy loss, array yield, etc.
are among the parameters used for the feasibility
analysis of the P\VC power plants.

In this work, these parameters were used to
evaluate the performance of the on-grid PVC
system. The amount of on-grid energy was
calculated on a daily, monthly or annual basis. Y
represents the final system yield. The parameters
employed in the PV system calculations are equal
to the amount of final AC energy generated by the
PVC system divided by the maximum power of
the system under STC. The final yield of the
system is obtained as follows [43]:

EAC
Y = )
where Y is the final yield of the system
(KWh/KWDp), Ppy is the maximum output power of
the system under STC, and Exc is the amount of
AC energy generated by the inverter (kWh). The
nominal yield, known as reference vyield, is
assessed based on the total amount of energy
generated by the system. The nominal yield of the
systems could be observed in their datasheets,
which are pre-determined by the manufacturers
under STC.

The reference yield, Yg, is presented in equation
3. Mathematically, this is the ratio of total in-
plane solar radiation to global array reference
irradiance under STC [43]:

_ H(kWh/m?)

R Go(kW/m?2) )

Y, is the array yield, which is obtained by

dividing the amount of DC energy generated by
PV arrays (kwh) by the rated power of the PV
array (kWp) under STC as follows [43]:
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_Epc

Y, = —=
A~ p,

(4)
PR is the performance ratio, which is obtained by
dividing the final system yield by reference yield
as follows [43]:

PRZYF/YR

()

The system’s total energy loss can be calculated
as follows [43]:

L= YR_YF

(6)

Array losses are expressed as the difference
between the reference yield and array yield [43]:

Lc=Yr—Ya (7)

3.3.1. Inverter efficiency

The PV inverter efficiency can be calculated by
equation 8, which is equal to the ratio of the
inverter’s AC power to DC power generated by
the PV array [44]:

Pac
l:,D C

Ninv = (8)

3.3.2. System efficiency

The PV system efficiency can be calculated by
multiplying the module efficiency by the inverter
efficiency as follows [45]:

(9)

In this work, the PVsyst 6.8.1 software was used
to model the power generated by solar energy in
PV panels.

r|system = Mpv X Ninv

3.4. Economic analysis

The low-temperature processes are among the
energy-intensive processing industries due to the
high costs of equipment and energy consumption.
A major part of the initial and operating
investment costs in these industries is related to
the refrigeration cycle investment costs. The
annualized cost of configuration (ACC) is
selected to perform the economic analysis. The
parameters of period of return, prime cost, and
capital cost are among the important parameters
for selecting an appropriate integrated hydrogen
liquefaction structure.

3.4.1. Economic analysis of ACC

In this method, all costs of a structure within its
estimated technical life are computed including
the annualized capital price (Caap), replacement
price. (Cuep), maintenance price (Camain), and
operating price (Caope)-

Given that the useful life of the project was
assumed to be 20 years, C,ep, Was excluded. Egs.
(10) and (11) present the economic research of the
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device of the hybrid structures. Some of the
equations were related to the prior years. Thus
they were updated using the Marshall and Swift
price index.

Cost index

CO reference cost year

ost -
original year Cost |ndex

original cost year

reference year = (10)

The configuration of the integrated structures is

obtained as follows:
ACS = C,,,(Components) +C, ., (Components) + C,.;,(Components) +

(11)

Cope(Labor Cost + Fuel Cost+ Insurance Cost)

3.4.2. Annualized capital cost (Cacap)

Cacap includes costs of purchasing the above
equipment, which are leveled throughout the
useful life of each integrated structure. Cpep iS
obtained as follows:

(L)

Couy=C 7
(L+i) -1

acap Cap'CRF (i'YprOj) = CCap' (12)
in which C, is the total price of the device

purchased, i is the real bank interest rate, Y . is

the helpful life of the project, and CRF is the

capital recovery factor. The annual inflation rate,

f, and nominal interest rate, j, are used to

compute the real bank interest rate as follows:
j—f

T14f

For performing the economic research of the
hybrid system, the annual inflation rate, nominal
interest rate, and useful life of the system were
supposed to be 17%, 20%, and 20 years,
respectively.

i

(13)

3.4.3. Annualized operating cost (Cagpe)

Caope includes the manpower, fuel consumption,
and equipment insurance costs. In this work, the
manpower cost was considered US$ 400 per
person per month, and the equipment insurance
cost was equal to 2% of the cost of purchasing
them annually. The number of employees based
on the reference size was considered 50.
Moreover, the base price of natural gas, world
market price of hydrogen based on natural gas
reforming, and world market price of hydrogen
were 1.8 US$/MMBTU, 2.5 US$/kg, and 7
US$/kg LH,, respectively. It should be noted that
these prices in the world markets vary depending
on the temperature, pressure, composition, and
product state.

3.4.4. Annualized maintenance cost (Camain)
In this work, C,min Of equipment used in
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integrated structures in supercooled natural gas
processes was considered 5% on average based on
the useful life of the system. C,main includes the
costs of periodic maintenance and replacement of
sensitive parts.

3.4.5. Calculating net present value (NPV)
By calculating NPV, all costs and revenues over
the useful life of the integrated structures are
converted into the current time or start time of the
project. The total cost of the project in the
beginning year can be obtained as follows:

ACS (@+i)"e —1

V=— """ _ACS— L = 14
CRF(i,Y i.(L+i)"" (14)

proj)
3.4.6. Levelized cost of product (LCOP)
LCOP is equal to the average cost incurred per
unit of production over the useful life of the
project. LCOP is obtained by equation 15, and it
is an appropriate criterion for comparing
integrated structures from an economic issue of
view:
ACS
Annual output product of the system

LCOP =

(15)

The market price of a product is equal to the
prime cost plus the normal profit that the producer
adds to the prime cost. Therefore, LCOP is a
suitable criterion for comparing two or more
systems from an economic viewpoint but it is not
a good criterion for comparing the market price of
a product. A new parameter, called prime cost
(PC), is defined to select an appropriate criterion
for comparing the product price and market price
of the product.

3.4.7. Prime cost of product (PC)

The capital cost (CC), operating flow cost (OFC),
and annual volume of product (VOP) should be
examined to calculate PC. CC includes the costs
of purchasing equipment and installing the
system. The installation cost is equal to 10% of
the total cost of purchasing the equipment. OFC
includes the fuel, manpower, maintenance, and
equipment insurance costs on an annual basis,
each of which is separately assessed. The annual
VOP calculates the total production volume per
year.

In this work, considering the times when the
system is out of circuit for reasons such as
network outage and system maintenance, the
number of hours that the system was ready to
operate was considered 85% of the total hours of
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the year (7,446 hours).

PC can be obtained by equation 16. Cost of
product (COP) denotes the product price in the
market.

_ OFC
~ VoP
The summary of product cost (SOPC) is defined
as the total revenue obtained from selling the
product in the market, which can be calculated by

equation 17.
SOPC = (VOP) x (COP)

PC (16)

(17)

3.4.8. Gross annual benefit (AB)

Gross annual benefit (AB) is the difference
between the system’s OPC and total revenue
obtained from selling the manufactured products
in the market (equation 18). The revenue from
selling ancillary products, just like the revenue
from selling the main product, is added to the
gross benefit.

AB = SOPC — OFC (18)
3.4.9. Net annual benefit (NAB)

NAB is obtained by subtracting the tax from the
total calculated income (equation 19). The VAT
rate was considered 10%.

NAB = AB X (1 — Tax Percent) (19)
Tax = 0.1 x AB

3.4.10. Key parameters of economic analysis
The three parameters of return (POR), rate of
return (ROR), and additive value (AV) are the
essential parameters of economic analysis (Egs.
20-22).

CcC
- 20
POR = (20)
_ NAB (21)
ROR = ——
AV = COP — PC (22)

AV refers to the difference between the prime
cost of a product and its sale rate in the market
thath can accept various values relying on how
advanced the technology employed in the
generation process is. Table 1 illustrates the
equations utilized to calculate the equipment cost
of the integrated structures.

Table 2 shows the economic study of the
integrated hydrogen liquefaction system using the
LCA. recovery and SOFCs.
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Table 1. Equations utilized to calculate equipment costs of the hybrid process structures.

Component Purchased equipment cost functions

Compressor

Photovoltaic

Heat exchanger

Condenser

Pump

Burner

Turbine

SOFC

General heat exchanger

Flash drum

Ceom = (395 X m]( pdischargej In[ pdischargej
e psuction psuction
Ccom = Cost of compressor (k$)

Cry=840 $/m? (PV array cost)
CBatery cost =220 $/kWh,

CInverler cost =750 $/kWh

Chiesel genset cost =550 $/kWh
Ce=a(V)*+c

Ce = Cost of heat exchanger ($)

Cc=516.6x Auy e -+ 268.4

Pump

Co=705.4x W07 | 1402
l'nPump
46.08xm,,

0.995—(@j
Bn

Coste, = 0.378(W (horsepower))®#*

(1+exp(0.018T,

Burner — Burner

Csore =2000(W (kw))

Cux= 8500 + 409 X 0§5

Cp=fnCp+Ca

Cp = Cost of drum ($)

Cy = 1.218exp[9.1-0.2889(InW)~+0.04576(InW)?],
5000<W<226000 Ib shell weight

Ca = 300D%™% 078 5<D<10, 12<L.<20 ft

fn = Material Factor

Table 2. Economic analysis of integrated H, liquefaction cycle by LCA recovery and renewable energies.

Definition

Parameter

Annualized cost of system

Annualized capital cost

Annualized replacement cost

Annualized maintenance cost

Annualized operating cost

Operating flow cost

Net present value

Levelized cost of product
Total product in one year (kg LNG)

Prime cost

Summary Of product cost

Annual benefit

Net annual benefit
Period of return
Rate of return
Additive value

ACC=Cacap (Components) + Carep (Components) + Camain (Components) + Caope (Labor

Cost+ Fuel Cost+ Insurance Cost)
Ccap= 1.1 of Total capital cost
j- f

Cacap = Ccap.CRF(i,Yproj)= Ccap. i-(1+i)"™ j—
1-f

(1+ i)prj -1
Crap= Ccap(In Base). (l + i)Ypmj

Carep = Crap.SFF(l,Yproj)= Crap. %
\Yoroi
Q+i) -1
For Yproj=20 , Camain=0.05 of Capital Cost

OFC= (Labor Cost+ Fuel Cost+ Insurance Cost+ Utility)
Number of labor =50, Labor Cost =400 US$ per Month
Fuel Cost (Natural Gas Price)= 1.8 (US$ per Million Btu)
Fuel Cost (Hydrogen Gas Price)= 2.5 (US$ per kg Hy)
Insurance Cost=0.02 of Capital Cost

NPV= ACC/ CRF(i,Yproj)
LCOP= ACC/ Total Product in one Year

VOP= Volume of Product, PC=0OFC/VOP

COP= Cost Of Product, SOPC= VOP. COP
COP=7 (US$ per kg H,)

AB= SOPC- OFC

NAB= AB.(1-Tax percent) , Tax=0.1(AB)
POR= Ccap/NAB

ROR= NAB/ Ccap

AV=COP-PC
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4. Discussion and results

4.1. PV system simulation results

Given that Yazd is geographically located at the
longitude of 54" 21’ E and latitude of 31" 53° N
and is 1,226 m above the sea level, the PV system
modeling was performed. The total power
required for developing the integrated cycle was

determined as 5,559 kW based on the information
contained in the simulated cycle in the ASPEN
HYSYS V10 software. Table 3 presents the
specifications of the studied PVVC system.

Figure 3 compares the monthly yield and energy
production of the reference (Afrouzy et al., 2021)
and proposed models.

Table 3. Specifications of studied PVC system.

Specification

Electrical performance under standard test conditions

Electrical performance at 1000 W/m?, NOCT

(*STC)

Highest power (Pmax) 400 W (£%3) Highest power (Pmax) 402.3 W
Highest power voltage (Vmpp) 649 V Highest power voltage (Vmpp) 413V
Highest power current (Impp) 7960 A Highest power current (Impp) 9.74 A
Open circuit voltage (Voc) 955 V Open circuit voltage (Voc) 505V
Short circuit voltage (lsc) 8368 A Short circuit voltage (lsc) 10.23 A
Highest system voltage 1000 V Nominal operating cell temperature (NOCT): 25 “C
Temperature coefficient of Voc -142 mv/I'C

Temperature coefficient of Isc 3.1mA/'C Module characteristics

*STC: irradiance 1000 W/m?, module temperature 25°C

Cell

Number per module 72

Length x Width x depth (mm) 2064 x 1024 x 40
Weight (kg) 22
Manufacturer LG Electronics
Description and details LG 400 N2T-A5

== Present study == Afrouzy et al, 2021 «==@=Present study

© Afrouzy et al, 2021
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Figure 3. Comparing monthly yield and energy production of the reference (Afrouzy et al., 2021) and proposed models.

The geographical characteristics and
meteorological data of the desired location should
be thoroughly examined to model the PVC unit
and supply the required energy of the structure. In
this work, the fixed-tilt panels were used for the
designed model, the monthly average horizontal

solar irradiation of which was at the angle of 32".
This angle was regarded as the slope angle of
PVC units. Figure 4 indicates the monthly average
environmental temperature and solar irradiation in
a typical year in Yazd.
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Figure 4. Monthly average ambient temperature and solar irradiation in a typical year in Yazd.

As demonstrated in figure 4, the monthly average
horizontal global radiation in Yazd ranges from
104.8 kWh/m? in December to 239.0 kWh/m2 in
June. Moreover, July is the hottest month of the
year with the monthly average temperature of
306.8 K, and January is the coldest month of the

year with the temperature of 278.6 K. The average
environmental temperature in a typical year is
2935 K in Yazd. Figure 5 depicts the
performance ratio (PR), array outcome energy,
and energy injected into the grid.

1200 — _ . 0.88
i === Energy injected to the Grid (KWh) e=@==Array output Energy (kWh) e=g@==pPR -
i 1 0.86
1_\1000 - ]
I i 0.84
S I e
> 800 | i 0822
5 : : a2
c : 7 08 8
> 600 [ 1 ¢ 8
£ i 1 078 E
< : : 5
2 400 | 1 076¢
= : | 074
© 200 [ ]
i 1 0.72
0L 1 07

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5. Monthly array energy production and energy injected into grid and PR.

Figure 5 illustrates the monthly solar energy
injection in different systems during the year. The
highest and lowest PRs were in January (87%)
and August (76.5%), respectively. The annual
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mean value of PR was specified as 80.8%. The
highest and lowest available energy were showed
in September (962.2 kWh) and November (786.7
kWh), respectively, which could be due to the
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relatively higher global solar irradiance on tilted illustrates the PVC unit and collection losses as
planes in various months of the year. Figure 6 well as useful energy production.
10
mLC: Collection Loss 1.095 kWh/kWp/day
= 9 - BLS: System Loss 0.153 kWh/kWp/day
c!:L 8 t  mYF:Produced Useful Energy  5.240 kWh/kWp/day
S |
SO
55 f
e :
w 4
S i
N 3 F
g
5 2|
z s
1 E
0 F 1 1 1 1 1 1 1 1 1 1 1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 6. Normalized energy per month.

Solar energy is absorbed by the PVC panels. Thus the grid as the useful energy. Figure 8 indicates
this energy decreases due to collection losses the system, array, and inverter efficiencies in a
during absorption, and is distributed to the typical year in Yazd.

inverters. The distributed energy is injected into

® Array Efficiency @ System Efficiency @ Inverter Efficiency

100 F _ _ _ _ _ _ _ _ - - -
_. 80 F
S X
S 60 f
2 -
3 C
= 40 N
L C
20 )
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
Figure 7. System, array, and inverter efficiencies in a typical year in Yazd.
The PVC panels can generate electricity in a wide sunlight, a great amount of solar energy is wasted.
range of optical frequencies. However, since they Figure 8 indicates the PVC system losses during
are not able to cover the entire spectrum of the the year based on simulations.
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Figure 8. Diagram of system losses over the whole year in Yazd.

The modeling results revealed that selecting an
improper cable size and length could directly
affect ohmic wiring loss, the mean annual value of
which was 132.4 MWh. The mean annual value of
module quality loss was 85.06 MWh. The highest
and lowest values of mismatch loss were in
September (7.704 MWh) and November (6.295
MWh), respectively.

4.2. Economic analysis results
In this work, feasibility of the integrated structure

and the ACC method was evaluated in order to
perform the economic analysis. Figures 9-14
present the analysis results.

Figure 9 indicates the impact of gaseous hydrogen
cost on the prime cost of liquid hydrogen and net
annual benefit gained from sales. The net annual
benefit decreases to 5.366 MMUSD/Year, and the
prime price of the product increases up to 6.947
USD/kg LH,, respectively, with the increase of
hydrogen gas price from 1.4 to 3.4 USD/kg H; .

35

7.5

—e—Net annual benefit (MMUS$/Year)
——Prime cost of product ($/kg LH_)

= = N N w
o ol o (63} o

Net annual benefit (MMUS$/Year)

(6]
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A O 0O o o
i ol ol al
Prime cost of product ($/kg LH)

o

14 1.9

2.4 2.9
Hydrogen gas price ($/kg Hz)

—————13

Figure 9. Impact of gaseous hydrogen cost on prime cost of liquid hydrogen and net annual benefit gained from sales.
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Figure 10 indicates the impact of gaseous
hydrogen cost on the annualized operating cost of
the system and levelized cost of product. The
levelized cost of product and annualized operating

8

cost increase up to 6.875 USD/kg LH, and 57.09
MMUSD/kg LH,, respectively, with the growth of
hydrogen gas price from 1.4 to 3.4 USD/kg H,, .

60

Levelized cost of product ($/kg LH_)

=a—| evelized cost of product ($/kg LH)
—- Annualized Operating Cost (MMUSS$ per Year) 55
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Figure 10. Impact of gaseous hydrogen cost on annualized operating cost of system and levelized cost of product.

Figure 11 indicates the impact of gaseous
hydrogen cost on POR of the integrated structure
and AV of the product. The additive value
decreases to 0.0524 USD/kg LH,, and the period

of return increases up to 13.97 years, respectively,
with the increase of hydrogen gas price from 1.4
to 3.4 USD/kg H, .
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Figure 11. Impact of gaseous hydrogen cost on POR of integrated structure and AV of product.
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Figure 12 indicates the impact of capital cost on USD/kg LH,, and the period of return increases up
POR of the integrated structure and AV of the to 25.07 years, respectively, with the increase of
product. The additive value decreases to -0.6468 capital cost price from 52.5 to 217.5 MMUSD.

30 T 2.5

—8—Period of return (Years)
—B- Additive value ($/kg LH_)
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210 =
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o <
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0 —_— ey 1
50 100 150 200
Capital cost (MMUSS$)
Figure 12. Impact of capital cost on POR of e integrated structure and AV of product.
Figure 13 indicates the effect of capital cost on the cost of product increases up to 7.646 USD/kg LH,
prime cost of liquid hydrogen and net annual years, respectively, with the increase of capital
benefit gained from sales. The Net annual benefit cost price from 52.5 to 217.5 MMUSD.

decreases to 8.673 MMUSD/Year, and the prime
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Figure 13. Effect of capital price on prime cost of liquid hydrogen and net annual benefit gained from sales.
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Figure 14 indicates the impact of capital cost on
the annualized operating cost of the system and
levelized cost of product. The levelized cost of
product and annualized operating cost increase up

56

to 7.488 USD/kg LH, and 53.42 MMUSD/kg
LH,, respectively, with the growth of capital cost
price from 52.5 to 217.5 MMUSD.
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Figure 14. Impact of capital cost on annualized operating cost of system and levelized cost of product.

5. Conclusion

The low-temperature liquefaction systems could
be used for long-term hydrogen storage and
transport to distant places. The low-temperature
systems include the reactors, heat exchanger
networks, and refrigeration systems, which are
completely interdependent. The complicated
relations between these sections have made the
design of the combined low-temperature systems
always one of the most challenging problems in

hydrogen liquefaction cycles. The low-
temperature hydrogen liquefaction units are
between the  energy-intensive  processing

industries owing to the high prices of device and
energy consumption. A significant section of the
initial and operating capital prices in the low-
temperature systems is related to the low-
temperature  refrigeration  system  prices.
Therefore, the economic analysis of integrated
hydrogen liquefaction systems is of particular
importance in order to assess their feasibility.

In this research work, the combined hydrogen
liquefaction systems were economically evaluated
by the ACC method. Moreover, the LAC recovery
and cascade refrigeration units with helium and
hydrogen refrigerants were utilized for pre-
cooling and H; liquefaction. The waste heat of
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fuel cells was applied in the power production unit
to pre-cool the inlet streams to fuel cells. The
developed hybrid system generated 1028 kg/h of
liquid H, under climatic conditions of Yazd by
receiving 5559 kW of power from PVC unit,
60.79 kg/h of natural gas and 1028 kg/h of
gaseous H,. SPC of the H, liquefaction cycle as
well as the SOFC and power generation cycle
efficiencies were calculated as 5.95 kWh/kg LH,,
0.629, and 0.604, respectively.

Analyzing the economic sensitivity of hydrogen
liquefaction systems revealed the period of return
increased from 2.295 to 13.97 years, and additive
value decreased from 3.419 to 0.0524 USD/kg H,
by increasing the gaseous hydrogen cost from 1.4
to 3.4 USD/kg H,. The annualized operating cost
and levelized cost of product increased to 57.09
MMUSD/year and 6.875 USD/kg LH,,
respectively. POR increased from 2.753 to 25.07
years, and the net annual benefit decreased from
19.06 to 8.673 MMUSD/year by increasing the
capital cost from 52.5 to 217.5 MMUSD. The
annualized operating cost and levelized cost of
product increased to 53.42 MMUSD/year and
7.488 USD/kg LH, respectively.

It is recommended to perform further studies on
the risk analysis and operational optimization of
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multi-component refrigerant composition using

the meta-heuristic optimization algorithms.

6. Nomenclature

Abbreviations

SEC
PV
SOFC
POR
AV
CO,
RTE
MCFC
CORC

HTES

GT
MR
PEM
PV

TEACS

LNG
LAES
RTE
El
BFD
PFD
IEA
ACC
Cacap
Carep
Camain
Caope
NPV
LCOP
PC
CcC
OFC
VOP
COP
SOPC
AB
NAB
POR
ROR
Pmax
Vmpp
Impp
Voc
Isc
STC
NOCT
SMR
CHP
H,

Specific energy consumption
Photovoltaic

Solid oxide fuel cell

Period of return

Additive value

Carbon dioxide

Round-trip efficiency

Molten carbonate fuel cell
Cascade organic Rankine cycle
High-temperature thermal energy
storage

Gas turbine

Mixed refrigerant

Polymer electrolyte membrane
Photovoltaic

Triple-effect absorption cooling
system

Liquefied natural gas

Liquid air energy storage
Round-trip efficiency
Environmental impact

Block flow diagram

Process flow diagram

The international energy agency
Annualized cost of configuration
Annualized capital cost
Annualized replacement cost
Annualized maintenance cost
Annualized operating cost

Net present value

Levelized cost of product
Prime cost

Capital cost

Operating flow cost

Annual volume of product
Cost of product

Summary of product cost
Annual benefit

Net annual benefit

Parameters of return

Rate of return

Maximum power

Maximum power voltage
Maximum power current

Open circuit voltage

Short circuit voltage

Standard test conditions
Nominal operating cell temperature
Steam-methane reforming
Combined heating, and power
Hydrogen

Greek Letters

z
n

T]ohmic

Sum

Efficiency

Voltage drop due to ionic and
electronic conductivity of the
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electrolyte
Voltage drop due to cathode
Mact. activation
Voltage drop due to anode mass
Meonc,a transfer
Voltage drop due to cathode mass
Meone,c transfer
Nacta Voltage drop due to anode activation
Components Name
HE Heat exchanger
T Turbine
R Reactor
P Pump
MIX Mixer
X Component splitter
G Gibbs reactor
E Equilibrium reactor
C Compressor
D Flash drum
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