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A B S T R A C T   

Liquid hydrogen is gaining increasing attention owing to its high energy density as 10.1 MJ/L compared to 
gaseous hydrogen as 5.6 MJ/L at 700 bar. However, the energy required for its cryogenic processes is significant. 
To reduce this energy demand, liquefied natural gas (LNG) cooling was introduced in addition to a nitrogen 
refrigerant to the hydrogen liquefaction process. The resultant hydrogen production from the steam methane 
reforming process via LNG emits carbon dioxide. Therefore, it is necessary to consider both energy and CO2 
emission when optimizing this system. To minimize these factors, single and multi-objective optimizations were 
performed, as well as a cost analysis in order to determine the optimal performance. The results of multi- 
objective optimization reveal that the CO2 emissions decrease by 38%, whereas the total investment cost is 
increased by 45% compared to the base case. The specific energy consumption is increased from 10.76 kWh/kg- 
LH2 to 11.13 kWh/kg-LH2. Therefore, the compromise between the cost and the CO2 emissions is made in the 
proposed case. These results will provide valuable insights regarding the economic demand and CO2 emission for 
future decision-making processes.   

1. Introduction 

Hydrogen is a promising fossil fuel replacement as it does not 
contribute to pollution or produce greenhouse gases. However, 
hydrogen remains in the gas phase when compressed to 700 bar with 
low energy density of 5.6 MJ/L, making its large scale storage ineffi
cient. Thus, the demand of liquid hydrogen has increased as a result of 
its high energy density (10.1 MJ/L), which gives it a higher storage 
capacity [1]. 

The primary challenge in constructing a hydrogen liquefaction plant 
is the high demand of energy and operating cost. The specific energy 
consumption (SEC) of hydrogen for current plants is in the range of 
10.8–12.7 kWh/kg for the Claude cycle and 12.3–13.4 kWh/kg for the 
Brayton cycle [2]. Further, the price of liquid hydrogen ranged between 
8 and 9 $/kg in 2017 [3]. Therefore, decreasing this energy consumption 
and operating cost of this process is essential. 

Various researchers have performed optimizations regarding the 
energy and cost related to hydrogen liquefaction. Nandi et al. [4] 
analyzed the performance of the precooled Linde–Hampson cycle, the 

Claude cycle, and the helium–hydrogen condensing cycle. The Claude 
cycle has a guaranteed higher liquefaction efficiency compared to the 
Linde–Hampson cycle, whereas the helium–hydrogen condensing cycle 
produces 100% liquid hydrogen as a result of the helium expansion 
below 20 K. Bracha et al. [5] investigated a large-scale hydrogen plant 
with a 4.4 tonne per day (TPD) capacity located in Ingolstadt, Germany, 
wherein the Claude cycle was employed for hydrogen liquefaction with 
an ortho–para converter. Cammarata et al. [6] constructed a simple 
cryogenic process with the Claude cycle that is applicable to both helium 
or hydrogen, optimizing the energy consumption using a genetic algo
rithm (GA). Cardella et al. [7,8] designed a large-scale hydrogen 
liquefaction process with a capacity in the range of 25–100 TPD. Here, 
two cases with different refrigerant and liquefaction cycle were con
structed and optimized in terms of the specific energy consumption and 
the specific liquefaction cost. 

Kuendig et al. [9] developed a large-scale hydrogen liquefaction 
model that used liquefied natural gas (LNG) re-gasification. Similarly, 
Yun [10] developed a hydrogen liquefaction model with LNG as the 
refrigerant. Using LNG as a refrigerant is advantageous as it can achieve 
a high energy efficiency for both the hydrogen precooling and natural 
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gas evaporation. However, the energy produced from evaporating the 
natural gas is wasted to the sea. Yang et al. [11] proposed a large-scale 
hydrogen liquefaction system with a capacity of 300 TPD integrated 
with steam methane reforming (SMR), wherein the hydrogen feed is 
provided by the SMR, thereby utilizing the LNG refrigerant to produce 
liquid hydrogen product. 

Krasae-in et al. [12] developed a conceptual model involving the 
mixed-refrigerant precooling cycle, which can cool the hydrogen feed 
from 298 to 80 K, followed by the four-stage hydrogen Joule–Brayton 
cascade system, which is used for further cooling from 80 to 20 K. In 
addition, they also optimized the hydrogen Joule–Brayton cycle as a 
result of ortho–para hydrogen gas equilibrium from 80 K to 20 K [13]. 
Sadaghiani et al. modeled a two mixed-refrigerant precooling cycle 
[14]. Ansarinasab et al. [15,16] performed an exergoeconomic analysis 
with a model consisting of one mixed-refrigerant precooling cycle and 
four-stage hydrogen cryogenic cycles, wherein they analyzed the 
resultant exergy, exergoeconomic, and exergoenvironmental indicators 
to ascertain the performance of the hydrogen liquefaction plant. Note 
that a life cycle assessment was selected for the exergoenvironmental 
analysis. Yin et al. [17] focused on the optimization of a hydrogen 
liquefaction process involving liquid nitrogen precooling and helium 
expansion-refrigeration loop using a GA to minimize the SEC, including 
the performance analysis of cost and exergy. The results of the optimi
zation were obtained, revealing energy consumption of 7.31 kWh/kg- 
LH2. 

Yilmaz et al. [18] introduced a coal-gasification assisted multi
generation system that included hydrogen production and liquefaction, 
as well as the production of heating and cooling utilities along with the 
power. The energy and exergy efficiencies were found to be 52.29% and 
43.35%, respectively. Yuksel et al. [19] proposed a waste-to-hydrogen 
gasification system, wherein the gasification unit was integrated with 
the Brayton cycle, Stirling engine cycle, single effect absorption cooling 
cycle, and hydrogen production and liquefaction cycle. Notably, the 
production rate of hydrogen was found to be 13%. 

Kanoglu et al. [20] proposed hydrogen liquefaction with the Claude 
cycle integrated with geothermal heat driven absorption precooling and 
a binary geothermal power plant. Yilmaz et al. [21] investigated the 
performance of this model by analyzing the energy, exergy, efficiency, 
and process loss. Then, optimization was performed to minimize the 
liquefaction cost using a GA [22]. Aasadnia et al. [23] developed a 
model that consists of a precooling stage with a mixed-refrigerant cycle, 
an absorption refrigeration cycle, and a cryogenic cooling stage with a 

cascade Joule–Brayton cycle. This integrated system was found to have a 
6.47 kWh SEC and 45.5% efficiency. 

In short, the former researches focused on improving the energy ef
ficiency and operating cost of hydrogen liquefaction by developing 
refrigeration cycles with various sources of cooling energy. Some of the 
studies developed a hydrogen liquefaction model with LNG cooling and 
SMR to decrease its energy consumption and liquefaction cost. There 
was also an attempt to conduct an environmental analysis using life 
cycle assessment. However, there has been no concern of deciding 
optimal operating conditions satisfying economic and environmental 
objectives simultaneously. Since the LNG system emits carbon dioxide, it 
must be decreased to reduce its impact on the environment while opti
mizing its cost and energy. Therefore, a multi-objective optimization 
regarding economic and environmental factors must be performed for 
the LNG-integrated hydrogen liquefaction process system. In this study, 
the hydrogen liquefaction model with LNG system is adapted as a base 
case, then single and multi-objective optimization of energy, cost and 
CO2 emissions are performed to discover its performance using a genetic 
algorithm. In addition, a decision-making is suggested in order to select 
one operating condition from multiple optimal options. 

2. Materials and methods 

2.1. Process modeling 

The process model is constructed using Aspen HYSYS V10 based on 
the hydrogen liquefaction system proposed by Yang et al. [11]. The 
process flow diagram is shown in Fig. 1. 

This system differs from the previous model as the Brayton cycle of 
the nitrogen and hydrogen stream herein are simplified, resulting in one 
refrigeration cycle for each stream, thereby reducing the number of 
expanders. Since the purpose of the previous study was to replace the N2 
refrigerant to LNG, the structure of the N2 cycle have been modified. 

First, the gaseous hydrogen feed (GH2) enters the cooling system 
(GH2-1). The hydrogen feed is the summation of the production from 
steam methane reforming (SMR) and the hydrogen make-up to maintain 
the product capacity as 300 TPD. This feed is precooled from the plate 
fin type heat exchangers (HX-1, HX-2, and HX-3). The refrigerants used 
in this system are liquid nitrogen (N2-1), liquefied natural gas (LNG-1), 
and the hydrogen Brayton cycle (GH2-4). Their flowrates are 50 TPD, 
931 TPD and 246 TPD respectively. The temperature profiles of these 
heat exchangers are modified from a previous work in order to satisfy 

Nomenclature 

W power, kW 
m mass flow rate 
T temperature, K 
h mass enthalpy, kJ/kg 
s mass entropy, kJ/kg K 
Q heat flow, kW 
x design variables 
f fitness function 
r penalty factor 
e tolerance of energy balance error in the heat exchanger 

Symbols 
η exergetic efficiency 

Subscripts 
LNG liquefied natural gas 
GH2 gaseous hydrogen 
N2 nitrogen 

LH2 liquid hydrogen 
CO2 carbon dioxide 
SMR steam methane reforming 
electricity the electricity provided by the power plant 
out outlet stream 
in inlet stream 
i index 

Abbreviations 
LNG liquefied natural gas 
SMR steam methane reforming 
GA genetic algorithm 
SEC specific energy consumption 
LCOH levelized cost of hydrogen 
PP payback period 
CRF capital recovery factor 
CAPEX capital expenditure 
OPEX operating expenditure  
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the thermodynamic properties of each stream, including equilibrium 
hydrogen. The heat composite curve data for the heat exchangers are 
shown in Fig. 2. In HX-2, the cold composite curve shows nonlinear 
behavior due to the phase change of LNG refrigerant. In HX-3, however, 
the cold composite shows the linear correlation due to the small amount 
of N2 refrigerant. When the flowrate of N2 refrigerant increases, the 
influence of the phase change of N2 is applied to the curve. After the 
precooling section, the precooled temperature (GH2-2) reaches 
approximately 100 K, which is achieved through the use of LNG 
refrigerant and hydrogen Brayton cycle. The feed is further cooled by the 
passing through heat exchangers (HX-4 and HX-5). After the expansion, 
liquid hydrogen is produced. The vapor phase hydrogen flow which is 

not liquefied in vessel (S-1) is recycled back to the process. The sepa
rated flow of hydrogen (GH2-4) provides additional power to the electric 
and cooling energy via the Brayton cycle. The LNG-1 enters the SMR 
system after the cooling process, producing carbon dioxide and 
hydrogen. 

2.2. Operating conditions 

The specifications of the process are summarized in Table 1. Note 
that most of the parameters are adapted from the previous research [11]. 
Herein, the liquefaction rate is assumed to be 12% [4]. The purity of the 
liquid hydrogen product is assumed as 100%. The minimum 

Fig. 1. Process flow diagram of the hydrogen liquefaction system modified from previous research [11].  

Fig. 2. Heat composite curve with respect to temperature and heat flow for the heat exchangers (HX) (a) HX-1, (b) HX-2, and (c) HX-3.  
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temperature approach of each heat exchanger ranges between 1 and 10 
K. The Peng–Robinson equation of state is used to determine the ther
modynamic properties of the overall process, wherein the ortho–para 
conversion of hydrogen is assumed to be continuous and its thermody
namic properties are adapted from the literature [24]. 

3. Optimization method 

A genetic algorithm (GA) is selected for single and multi-objective 
optimizations. GA has been widely used in process design because of 
the simplicity and the stochastic properties which are able to handle the 
process with complicated systems such as non-linear equations and 
thermodynamics [25]. The optimization procedure is illustrated in 
Fig. 3. When the algorithm starts within MATLAB, the population 
embedded in the design variables is initialized. The design variable 
configured by the GA is exported to the process model programmed in 

Aspen HYSYS. The model data calculated are then imported to MATLAB. 
If the data do not satisfy the constraints, a penalty function is directly 
added to the fitness function. Otherwise, the fitness function is obtained 
based on the data, some of which are exported to Microsoft Excel or the 
economic analysis. The algorithm repeats during selection, crossover, or 
mutation to create a new population until the fitness value meets the 
tolerance. The parameters of the GA options are listed in Table 2. 

3.1. Configurations for optimization 

As the motivation of this optimization is to minimize energy demand, 
operating cost, and carbon dioxide emissions, certain design variables 
and objective functions are adopted to satisfy these purposes. 

The parameters of the base case are configured based on the pro
posed model from the previous work [11]. The design variables of the 
process are the flow rates of the refrigerants. Their ranges are as follows: 

x = [mLNG,mGH2 − 4,mN2 ],

mLNG ≤ 931.2, (TPD)

mGH2 − 4 ≤ 600, (TPD)

mN2 ≤ 1000(TPD).

(1) 

The upper bound of the LNG flow rate is derived from the production 
of 300 TPD of the hydrogen feed, as provided by SMR. Since the product 
capacity of liquid hydrogen is 300 TPD, the hydrogen from SMR and the 

Table 1 
Specifications of liquefaction system.  

Parameter Value 

Feed condition  
Feed pressure 20 bar 
Feed temperature 300 K 
Product condition  
Product capacity 300 tonne per day 
Product pressure 1.3 bar 
Product temperature 20.38 K 
Liquefaction rate 12% 
Purity 100% 
Mechanical efficiency  
Isentropic efficiency of compressor 80% 
Isentropic efficiency of expander 90% 
Adiabatic efficiency of pump 75% 
Heat exchanger  
Minimum temperature approach 1–10 K 
Ortho–para conversion Continuous  

Fig. 3. Procedure framework to perform optimization with process model data and economic analysis.  

Table 2 
Parameters of genetic algorithm options used for both single 
and multi-objective optimizations.  

Parameter Value 

Population size 300 
Crossover fraction 80% 
Selection function Tournament 
Tournament size 4 
Mutation function Adapt feasible  

J.-E. Bae et al.                                                                                                                                                                                                                                   



Energy Conversion and Management 231 (2021) 113835

5

hydrogen make-up are added to maintain the mass balance. If the LNG 
flowrate is lower than 931.2 TPD, then hydrogen make-up is applied to 
the hydrogen feed to maintain 300 TPD. The lower bounds of all vari
ables are set as zero. The other conditions are set to arbitrary values that 
are sufficient for providing cold energy in the heat exchangers. 

Constraints with respect to the energy balance of heat exchangers are 
also added to converge the model. As the design variables are arbitrary 
due to the stochastic nature of the GA, the energy balance of the heat 
exchangers does not converge in the specific cases. Therefore, to exclude 
these scenarios, the penalty function is adopted and multiplied by a 
penalty factor [26]. Any deviation from the energy balance can be found 
by adding the enthalpy of all the streams through the heat exchanger 
[27]. If its resultant value exceeds the error tolerance, the penalty 
function substitutes the fitness function. 

Q = m(hin − hout),

if |Q| ≥ e,
minimize f = r*|Q|

(2)  

3.1.1. Specific energy consumption 
The SEC is defined as the summation of power consumption of the 

compressors and expanders per unit mass of the product [25]. Note that 
the unit of the SEC is kWh/kg-LH2. 

SEC =
W

mLH2

=

∑
Wcomp −

∑
Wexp

mLH2

(3) 

The exergetic efficiency must also be calculated for the detailed 
analysis of the results. The definition of the exergetic efficiency is the 
ratio between the exergy of the product and the work [25]. 

η =
(hout − hin) − T0(sout − sin)

W
(4)  

3.1.2. Economic analysis 
The parameters and equations of the cost estimation are based on the 

literature [28,29]. The objective functions for the economic analysis 
consider a payback period (PP), which is defined as: 

Payback period =
Initial investment
Annual cash f low

(5) 

The levelized cost of hydrogen (LCOH) is also considered to evaluate 
the results [30]. The definition of the LCOH is the annual expenditure of 
unit mass product. In other words, it is an estimation of the price of the 
product. The annual cost can be found by the summation of the annual 
investment and manufacturing cost. Meanwhile, the capital recovery 
factor (CRF) is the conversion of the annual interest rate to that of the 
plant lifetime. 

LCOH =
Investment × CRF + Manufacturing

mLH2

(6) 

Detailed information regarding the economic analysis can be found 
in Turton and Douglas [28,29]. 

3.1.3. CO2 emission 
CO2 emissions are the result of the integration of the SMR process 

emissions and the power plant that produces the electricity. The source 
of the power plant and CO2 emissions per unit electricity are derived 
from the Organization for Economic Cooperation and Development 
(OECD) report [31]. 

CO2 emission = CO2 from SMR+CO2 from electricity (7)  

3.2. Single-objective optimization 

A single-objective optimization is performed using a GA, wherein the 
objective functions are selected as energy, cost, and the environment. 
The objective functions, which include SEC, PP, and CO2 emissions, are 

allocated to cases 1, 2, and 3, respectively. 

Case1 : minimize f = SEC =
W

mLH2

(8)  

Case2 : minimize f = PP (9)  

Case3 : minimize f = mCO2 = mCO2 ,SMR +mCO2 ,electricity (10)  

3.3. Multi-objective optimization 

Because the cost and environmental functions have a tradeoff rela
tionship, a multi-objective GA is performed to compromise these as
pects. Unlike single-objective GA, multi-objective optimization involves 
more than one objective function with multi-dimensional space. In other 
words, objective vectors are considered during optimization. When 
optimizing two objective functions, the results are shown on the 2- 
dimensional space called pareto optimal front [32]. The objective 
functions for this case (case 4) are the PP and CO2 emissions. 

Case4 : minimize f1 = PP,
minimize f2 = mCO2

(11)  

4. Results and discussion 

4.1. Single-objective optimization 

The optimization results of cases 1, 2, and 3 are listed in Table 3. The 
results of the fitness function by a single GA are shown in Fig. 4. The cost 
breakdown of capital expenditure (CAPEX) and operating expenditure 
(OPEX) is described in Fig. 6. In comparison with the base case, cases 1 
and 2 are both energy and cost effective, whereas case 3 has both high 
energy demand and cost. For cases 1 and 2, the LNG flow rate maintains 
its maximum, which is consistent with the base case, while the flow rates 
of GH2 and N2 decrease. This is the result of the duty of hydrogen 
compressors, which are influenced by the flow rate of the hydrogen 
steam, having a large impact on the total energy demand as shown in 
Table 4. In case 3, however, the LNG flow rate is the lowest as most of the 
CO2 emissions are produced from the SMR process. The flow rates of 
GH2 and N2 contribute the cold energy in the heat exchangers. From the 
economic analysis, both CAPEX and OPEX are the lowest in case 1 and 2, 
and the highest in case 3. The CAPEX mainly depends on the hydrogen 
compressor, while the OPEX is mostly affected by the material costs of 
hydrogen, nitrogen and LNG. In conclusion, the maximum usage of LNG 
refrigerant to produce hydrogen feed without make-up and the mini
mum flowrates of hydrogen and nitrogen cycles become the most 

Table 3 
Summary of results for multi-objective optimization for each case.  

Parameter Unit Base 
case 

Case 
1 

Case 
2 

Case 
3 

Case 
4 

Feed condition Tonne per 
day (TPD)      

Liquified natural 
gas  

931 921 931 26 371 

GH2  246 50 51 453 261 
N2  50 8 10 33 7 
Energy 

efficiency       
Specific energy 

consumption 
kWh/kg- 
LH2 

10.76 10.26 10.26 11.83 11.13 

Efficiency % 36.76 40.08 40.03 35.73 37.90 
Economic 

analysis       
Levelized cost of 

hydrogen 
$/kg-LH2 3.10 2.99 2.97 5.46 4.50 

Payback period Yr 5.43 5.18 5.15 13.41 8.40 
Environment TPD      
CO2 emissions  3911 3819 3845 1596 2441  
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efficient in terms of economic objective. 

4.2. Multi-objective optimization 

The results of the multi-objective optimization appear as the pareto- 
optimal frontier, as shown in Fig. 5. 

The correlation between CO2 emission and cost reveals a tradeoff 
relationship. Thus, if the cost is optimized, then the maximum emission 

Fig. 4. The results of single genetic algorithms for cases (a) 1, (b) 2, and (c) 3.  

Table 4 
Power consumption of the compressor and expander in the multi-objective 
optimization results.  

Parameter Unit Base 
case 

Case 1 Case 2 Case 3 Case 4 

Compressor kW      
N2 

compressor  
252 39 49 166 34 

H2 

compressor  
146,762 137,309 137,283 163,895 151,848 

Expander kW      
Expander  12,763 9329 9347 16,385 13,017  

Fig. 5. Pareto-optimal frontier of the multi-objective genetic algorithm.  
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of the greenhouse gases is inevitable. Conversely, if the CO2 emissions 
are decreased, there is an additional cost. 

Due to the nature of the pareto frontier, every result is an optimal 
point. There are several standards to decide which should be selected. 

The common method to identify the best solution is to calculate the 
distance between the ideal solution, which satisfies minimization of 
both objective functions, and pareto frontier. The pareto front is 
normalized before calculating the distance, then the best solution is 

Fig. 6. The cost breakdown of capital expenditure (CAPEX) and operating expenditure (OPEX).  

Fig. 7. Comparison between cases of (a) specific energy consumption (SEC) (kWh/kg-LH2), (b) levelized cost of hydrogen (LCOH) ($/kg-LH2), and (c) CO2 emis
sion (TPD). 
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selected as the closest point to the ideal solution. This solution is set as a 
case 4. The details of this procedure have been explained by Sayyaadi 
[33]. 

As a result, the optimal point of the optimization is found to be 371 
TPD of LNG, 261 TPD of GH2-4, and 7 TPD of N2 with 2441 TPD of CO2 
emissions. This is the optimal compromise between the cost and envi
ronment aspects. 

In the compromised case, the LCOH is higher than the base case, 
showing an increase of approximately 45%. On the other hand, the CO2 
emissions decreased by approximately 38%. Further, the LNG flow rate 
decreased 60% compared to that of the base case, while the flow rate of 
GH2 increased to compensate for the reduced flow rate of the LNG 
refrigerant. The N2 flow rate remains low because it affects the N2 
compressor, which increases the energy consumption. The economic 
analysis with the cost breakdown shows that the hydrogen material cost 
increases in OPEX, because the hydrogen make-up is applied to sup
plement the hydrogen feed from LNG. The CAPEX also increases due to 
the power consumption of the compressors. 

The overall tendencies of the cases are shown in Fig. 7. Both the 
energy consumption and the cost decrease in cases 1 and 2, and while 
showed an increasing trend for the case 3. However, the CO2 emissions 
showed an opposite trend, that is increase in emissions for case 1 and 
case 2, while a reduction in case 3 compared to the base case design. The 
compromise of these cases is made in case 4. The CO2 emissions of case 4 
is higher than case 3, and lower than cases 1 and 2. On the other hand, 
the SEC and the payback period of case 4 decrease compared to case 3, 
but both objectives are higher than those of cases 1 and 2. 

These correlations show that the introduction of LNG cooling with 
the SMR process is the most dominant factor in improving both the cost 
and environmental objectives. The decreased demand on the compres
sors is the result of the decreased mass flow rates of H2 and N2 streams, 
which lead to a decrease in both energy consumption and operating cost. 
At the same time, an increase in the CO2 emission in the SMR process is 
caused from the LNG flow. Therefore, a compromise between the cost 
and environmental results is conducted based on the multi-objective 
optimization. The best solution of the multi-objective optimization 
which is the closest to the ideal point shows a decrease of CO2 emissions 
by 38% and an increase of capital and operating cost by 45%. A further 
decision-making is possible based on this quantitative standard by 
considering whether one objective is more important than the other. 

5. Conclusions 

Optimization of the hydrogen liquefaction process integrated with 
SMR was conducted to reduce its cost and environmental impacts. 
Herein, a base case was established from the proposed model based on 
previous research. Single-objective optimizations were performed for 
SEC, PP, and CO2 emissions in order to obtain an optimal solution for 
each case. Further, a multi-objective optimization of the PP and CO2 
emissions was performed to identify the optimal point of the perfor
mance. The results reveal that the maximum usage of LNG and minimum 
flow rates of GH2 and N2 guarantee energy and cost efficiency, while the 
CO2 emissions increase substantially. These results also indicate that 
even if the economic cost increases by 45% in comparison with the base 
case, total CO2 emissions decrease by 38%. The SEC of the compromised 
case experiences an energy requirement increase from 10.76 kWh/kg- 
LH2 to 11.13 kWh/kg-LH2. These results provide a quantitative standard 
when proceeding the future decision-making processes regarding the 
economic demand and CO2 emissions. In other words, advanced 
decision-making such as modifying the process to give an importance to 
one objective will be possible based on the concept of best solution. The 
limitation of the study, however, is that the process model has intrin
sically high demand of energy consumption. The future study will be the 
modification of the model to reduce the energy demand and further 
optimization with consideration of energy, economic or environmental 
objectives. 
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