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Abstract — Preliminary design in chemical process furnishes economic feasibility through calculation of both mass
balance and energy balance and makes it possible to produce a desired product under the given conditions. Through this
design stage, the process possesses unchangeable characteristics, since the materials, reactions, unit configuration, and
operating conditions were determined. Unique characteristics could be very economic, but it also implies various poten-
tial risk factors as well. Therefore, it becomes extremely important to design process considering both economics and
safety by integrating process simulation and quantitative risk analysis during preliminary design stage. The target of this
study is LNG liquefaction process. By the simulation using Aspen HYSYS and quantitative risk analysis, the design
variables of the process were determined in the way to minimize the inherent explosion risks and operating cost. Instead
of the optimization tool of Aspen HYSY'S, the optimization was performed by using stochastic optimization algorithm
(Covariance Matrix Adaptation-Evolution Strategy, CMA-ES) which was implemented through automation between
Aspen HYSYS and Matlab. The research obtained that the important variable to enhance inherent safety was the oper-
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ation pressure of mixed refrigerant. The inherent risk was able to be reduced about 4~18% by increasing the operating
cost about 0.5~10%. As the operating cost increases, the absolute value of risk was decreased as expected, but cost-
effectiveness of risk reduction had decreased. Integration of process simulation and quantitative risk analysis made it
possible to design inherently safe process, and it is expected to be useful in designing the less risky process since risk
factors in the process can be numerically monitored during preliminary process design stage.

Key words: LNG Process, Quantitative Risk Analysis, Covariance Matrix Adaptation Evolution Strategy, Inherent Safety
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Fig. 1. (a) Conventional process design stages, (b) Integrated analy-
sis activities for inherently safety design.
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Table 1. Lower and upper flammability limit of pure components [12]

Component LFL (mol% in air) UFL (mol% in air)
Methane 5.0 15.0
Ethane 29 13.0
Propane 2.0 9.5
Butane 1.5 9.0
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Table 2. Compositions of natural gas feed and refrigerant
Total flow Composition (mol%)
(mol/hr) N, CH, C,H, CsHg CiHyo
NG Feed 19286 0.00 88.80 5.60 3.70 1.90
MR 63272 15.23 34.48 23.65 8.94 17.67

Table 3. Design specification of the single-stage mixed refrigerant LNG

process

Compressor discharge pressure 41 bar
Compressor suction pressure 1.7 bar
Natural gas feed inlet pressure 60 bar
Minimum temperature approach in the cold box(LNG-HX) 3°C
Minimum temperature approach in the condenser 5°C
Temperature difference between chilled water inlet and 5°C
refrigerant outlet in the condenser
LNG temperature before expansion -163.7°C
Adiabatic efficiency of compressor 80%
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Table 4. The (1/pys A)-CMA evolution strategy[25]
Step 0) Set Parameters

Set parameters to their default values

Step 1) Initialization

Set evolution paths equal zero
Set covariance matrix C”’=I and number of generation g=0
Input distribution mean m®»&R” and step size 6 =R”

Step 2) Termination criterion

If termination criterion met, then stop

Step 3) New population sampling
xED-Nm®, (c®y’C®) fork =1, ..., A
Step 4) Recombination and Selection

Recombination of sample point in order of best individual

Step 5) Update parameters

Update weighted mean value m&¢*™V of p selected offspring
Update step-size c&™)

Update covariance matrix C&*D

Go to Step 2
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Component mass flow of refrigerant (kg/s)

Compressor pressure (bar)

N, CH, C,H, C;Hg CHy Suction Discharge
Lower bound 5 5 5 5 5 1.5 10.0
Upper bound 300 300 300 300 300 6.0 75.0
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Fig. 5. Optimization results for minimizing utility cost using CMA-ES.
Table 6. Optimization result for minimization operation cost and inherent explosion risk
Cost opt. Inherent explosion risk opt.
_— Cost ($/day) 198882 200000 205000 210000 220000
Objectives .
Distance (m) 294.72 281.65 264.50 254.77 241.32
N, (kg/s) 67.32 67.42 58.00 52.49 56.15
CH, (kg/s) 72.93 78.84 79.74 77.65 89.30
C,H (kg/s) 156.38 165.01 174.63 17422 188.45
Design variables ~ C;Hg (kg/s) 21.55 21.92 5.00 5.00 12.69
C,H,, (kg/s) 188.45 208.00 247.45 230.17 235.79
P, ciion (bar) 3.86 3.63 2.79 2.50 2.46
P jischarge (bar) 30.66 26.23 20.83 19.19 16.64
Total MR flow (kg/s) 506.63 541.18 564.81 539.55 58237
Total discharge rate (kg/s) 3.1196 2.6953 2.1673 1.9279 1.6423
Flammable ratio 0.6377 0.6383 0.6423 0.6409 0.6381
Flammable mass (kg/s) 596.82 516.11 417.60 370.70 31437
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Nomenclatures

A, : Opening area [m?]

c® : Covariance matrix at generation g

cy : Discharge coefficient

C, : Concentration of system [kg/m"]

Crr Curr : Concentration of lower and upper flammable limits
[kg/m?]

erf(x) : Error function

feost : Function of operating cost

fpistance : Function of distance to an overpressure level of 1 psi

fopy : Objective function

HC; HCpyr : Heat of combustion of fuel and TNT [kJ/kg]

I : Unit matrix

k : Ratio of specific heats, CP/CV

LFL, UFL; : Lower and upper flammable limits of component i
[mol%]

m : Discharge rate [kg/sec]

i, : Actual flammable mass [kg/sec]

m® : Mean value at generation g

P, P, P. : System pressure, atmospheric pressure, critical
pressure [kPa]

Pyyction Peischarge * Suction and discharge pressure [bar]

tRelease : Releasing time [sec]
AT, : Minimum temperature approach [°C]
VF : Vapor fraction
xk(g) : k-th offspring from generation g
i : Vapor phase mole fraction of flammable component
i [mol%)]
: Population size, sample size, number of offspring
: Number of selected search point in the population
Ly : Weighted recombination of all p parents selected
p : Density [kg/m’]
c® : Step size at generation g
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