Supplementary Materials

To conduct the agent-based simulation, the Mesa- python model was used on Jupyter Notebook. The following code demonstrates an example of running the code for case A for natural gas allocation to a network configuration comprising power, LNG, ammonia, and urea. The model prioritises allocating natural gas to meet the domestic power requirement prior to allocating surplus natural gas capacity for overall profitability maximisation. Additionally, the agent-based simulation optimises the allocation strategy based on 10 time periods (annual) considering forecasted input data for 2024-2033. However, some sample data has been used wherever applicable. 

1. instaling Mesa on Jupyter notebook
pip install -U mesa

2. importing required packages
from random import random
#packages associated with agent based modelling
from mesa import Model
from mesa import Agent
# for data collection
from mesa.datacollection import DataCollector
#for agent activation
from mesa.time import RandomActivation
import pandas as pd
import numpy as np

3. Defining agents and the model
4. # Define the process agent
5. #the agents for downstream processes
6. #Always start with super().__init__() to initialize the model object properly
7. class ProcessAgent(Agent):
8.     def __init__(self, unique_id, model, process_name, conversion_factor):
9.       # Pass the parameters to the parent class
10.         super().__init__(unique_id, model)
11.         self.process_name = process_name
12.         self.conversion_factor = conversion_factor
13.         # Create the agent's variable and set the initial values
14.         self.allocated_gas = 0
15.         self.produced_amount = 0
16. 
17.     def step(self):
18.         # Calculate production output based on the allocated gas and conversion factor
19.         self.production_output = self.allocated_gas * self.conversion_factor
20. 
21. # Define the natural gas market model
22. #done by creating a new class that extends mesa.Model and calls super().__init__()
23. class NaturalGasMarketModel(Model):
24.     def __init__(self, global_demand, global_prices, process_costs, operational_constraints, total_gas_list, conversion_factors):
25.         self.global_demand = global_demand
26.         self.global_prices = global_prices
27.         self.process_costs = process_costs
28.         self.operational_constraints = operational_constraints
29.         # Assign the total_gas list to self.total_gas_list
30.         self.total_gas_list = total_gas_list
31.         self.conversion_factors = conversion_factors
32.         # Create scheduler and assign it to the model
33.         self.schedule = RandomActivation(self)
34.         self.annual_results=[]
35. 
36.         # Creating agents for each process
37.         for i, process_name in enumerate(global_demand[0].keys()):
38.             agent = ProcessAgent(i, self, process_name, conversion_factors[process_name])
39.             self.schedule.add(agent)
40. 
41.         # DataCollector for recording results
42.         self.datacollector = DataCollector(
43.             model_reporters={
44.                 "Profitability": self.calculate_profitability,
45.                 "Gas Allocations": lambda m: {agent.process_name: agent.allocated_gas for agent in m.schedule.agents},
46.                 "Production Capacities": lambda m: {agent.process_name: agent.allocated_gas * agent.conversion_factor for agent in m.schedule.agents},
47.             }
48.         )
49. 
50.     def step(self,year):
51.         self.current_year=year #track current year
52.         # set total gas available for the current year
53.         self.total_gas = self.total_gas_list[year]  # Use the gas capacity for the current year
54.         self.datacollector.collect(self)
55. 

56.         # Allocate gas to meet power demand first
57.         power_agent = [agent for agent in self.schedule.agents if agent.process_name == "Power"][0]
58.         power_demand = self.global_demand[year]["Power"]
59.         power_agent.allocated_gas = min(power_demand, self.total_gas)
60.         self.total_gas -= power_agent.allocated_gas
61. 
62.         # Ensure each process meets its minimum threshold
63.         for agent in self.schedule.agents:
64.             if agent.process_name != "Power":
65.                 min_gas_required = self.operational_constraints[agent.process_name]['min']
66.                 max_gas_available = min(self.operational_constraints[agent.process_name]['max'], self.total_gas)
67.                 agent.allocated_gas = max(min_gas_required, max_gas_available)
68.                 self.total_gas -= agent.allocated_gas
69. 
70.         # Allocate remaining gas to maximize profitability
71.         for agent in sorted(self.schedule.agents, key=lambda x: self.global_prices[year][x.process_name], reverse=True):
72.             max_gas = min(self.total_gas, self.operational_constraints[agent.process_name]['max'] - agent.allocated_gas)
73.             agent.allocated_gas += max_gas
74.             self.total_gas -= max_gas
75. 
76.         # Calculate profitability
77.         #self.calculate_profitability(year)
78. 
79.         #update the schedule
80.         self.schedule.step()
81. 
82.     def calculate_profitability(self):
83.         total_profit = 0
84.         for agent in self.schedule.agents:
85.             production = agent.allocated_gas * agent.conversion_factor
86.             revenue = production * self.global_prices[self.current_year][agent.process_name]
87.             cost = agent.allocated_gas * self.process_costs[self.current_year][agent.process_name]
88.             total_profit += (revenue - cost)
89.         return total_profit

4. Define the input data required to run the model
global_demand = [
        {'LNG': 381.4774, 'Ammonia': 297.8, 'Power': 709.289, 'Urea': 178.83},
        {'LNG': 393.6356, 'Ammonia': 321.62, 'Power': 734.409, 'Urea': 180.48},
        {'LNG': 405.788, 'Ammonia': 347.35, 'Power': 759.529, 'Urea': 182.14},
        {'LNG': 417.945, 'Ammonia': 375.14, 'Power': 784.649, 'Urea': 183.81},
        {'LNG': 430.102, 'Ammonia': 405.15, 'Power': 809.769, 'Urea': 188.22},
        {'LNG': 442.258, 'Ammonia': 437.56, 'Power': 834.889, 'Urea': 192.64},
        {'LNG': 454.415, 'Ammonia': 472.56, 'Power': 860.009, 'Urea': 197.05},
        {'LNG': 466.571, 'Ammonia': 510.37, 'Power': 885.129, 'Urea': 205.87},
        {'LNG': 466.571, 'Ammonia': 551.20, 'Power': 910.249, 'Urea': 210.28},
        {'LNG': 490.884, 'Ammonia': 595.30, 'Power': 935.369, 'Urea': 214.69},
    ]

global_prices = [
        {'LNG': 2.46E+9, 'Ammonia': 1.15E+9, 'Power': 5.724E+7, 'Urea': 4.48E+8},
        {'LNG': 2.51E+9, 'Ammonia': 1.19E+9, 'Power': 5.724E+7, 'Urea': 4.58E+8},
        {'LNG': 2.57E+9, 'Ammonia': 1.23E+9, 'Power': 5.724E+7, 'Urea': 4.69E+8},
        {'LNG': 2.62E+9, 'Ammonia': 1.26E+9, 'Power': 5.724E+7, 'Urea': 4.80E+8},
        {'LNG': 2.68E+9, 'Ammonia': 1.30E+9, 'Power': 5.724E+7, 'Urea': 4.91E+8},
        {'LNG': 2.73E+9, 'Ammonia': 1.34E+9, 'Power': 5.72E+7, 'Urea': 5.01E+8},
        {'LNG': 2.79E+9, 'Ammonia': 1.37E+9, 'Power': 5.724E+7, 'Urea': 5.12E+8},
        {'LNG': 2.84E+9, 'Ammonia': 1.41E+9, 'Power': 5.724E+7, 'Urea': 5.23E+8},
        {'LNG': 2.90E+9, 'Ammonia': 1.45E+9, 'Power': 5.724E+7, 'Urea': 5.34E+8},
        {'LNG': 2.96E+9, 'Ammonia': 1.48E+9, 'Power': 5.724E+7, 'Urea': 5.44E+8},
    ]

process_costs = [
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 4.48E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 4.58E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 4.69E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 4.80E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 4.91E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 5.01E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 5.12E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 5.23E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 5.34E+8},
        {'LNG': 1.84E+9, 'Ammonia': 1.33E+9, 'Power': 2.89E+7, 'Urea': 5.44E+8},
    ]

operational_constraints = {
        'LNG': {'min': 6.91, 'max': 1000},
        'Ammonia': {'min': 3.353, 'max': 1000},
        'Power': {'min': 0, 'max': 10000},
        'Urea': {'min': 3.19, 'max': 1000},
    }
    
total_gas_list= [157.04, 161.51, 165.98, 170.44, 174.91, 179.34, 182.15, 184.93, 187.70, 190.48]

conversion_factors = {
        'LNG': 0.724,     # 0.724 tonnes of LNG per tonne of NG
        'Ammonia': 1.133, # 1.133 tonnes of Ammonia per tonne of NG
        'Power': 10.2528,   #  1 kWh of Power (energy) per million tonne of NG per yr
        'Urea': 1.2     #  1.2 tonnes of Urea per tonne of NG
    }


5. Run the model and print results
# create the model
model= NaturalGasMarketModel(
    global_demand=global_demand,
    global_prices=global_prices,
    process_costs=process_costs,
    operational_constraints=operational_constraints,
    total_gas_list=total_gas_list,
    conversion_factors=conversion_factors)
#Run the model for 10 years
for year in range(10):
    model.step(year)

# Collect results
results = model.datacollector.get_model_vars_dataframe()

# Print results
print(results)
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