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ABSTRACT 
The aviation sector is difficult to decarbonize due to limits on aircraft electrification, making sus-
tainable aviation fuel (SAF) a critical near-term solution. This study integrates Aspen-based pro-
cess modeling with game-theoretic optimization to design a multi-agent SAF production network 
comprising coal gasification and CO₂-assisted natural gas reforming for syngas production, and 
Fischer–Tropsch (FT) synthesis for SAF production. Techno-economic parameters from Aspen 
simulations inform an agent-based model in which agents maximize their net present value subject 
to capacity and demand constraints. Three decision-making frameworks are compared: (i) social 
welfare optimization, (ii) cooperative bargaining - symmetric (equal bargaining power) and asym-
metric (bargaining power weighted by agents’ competitiveness outside cooperation), and (iii) com-
petitive equilibria modeled as generalized Nash equilibrium. The results show that social welfare 
maximization excludes coal and yields the highest total profit, strongly favoring the FT agent's 
pay-off. Cooperative bargaining includes all agents in the system and promotes CO₂ and water 
recycling with only a 3.5% profit reduction; symmetric bargaining shifts profit toward coal, while 
asymmetric bargaining partially restores FT agents’ share. Under bargaining, complete CO₂ recy-
cling is achieved, integrating coal without direct emissions. Under strict competition, upstream 
syngas producers do not participate in the network, and reliance on external syngas reduces over-
all profit by 12.4%. These results show that game-theoretic modeling for process synthesis reveals 
strategic incentives for process design that are typically obscured in more traditional superstruc-
ture-based optimization frameworks. 
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INTRODUCTION 
Aviation is a major contributor to global greenhouse 

gas (GHG) emissions due to its intensive fuel use. Future 
demand for air travel is expected to rise [1], and alterna-
tives such as electrification and sustainable aviation fuel 
(SAF) have been proposed to mitigate this impact. How-
ever, aircraft electrification faces significant challenges 
due to battery weight and volume constraints. Conse-
quently, developing lower-carbon fuel pathways and ef-
ficient SAF production systems is critical.  

There are multiple pathways to produce SAFs, all of 
them involving several processing steps. Optimization 
has been widely applied to find the best processing 

sequences under different objective functions (i.e. eco-
nomic and/or environmental) [2, 3]. While these methods 
effectively identify optimal configurations, they assume 
centralized decision-making, overlooking the possibility 
of splitting the process across multiple industrial actors 
and the strategic interactions among them. Real-world 
processing networks involve multiple industries that buy 
and sell products to one another; these industries often 
have conflicting objectives, making cooperative and 
competitive behaviors essential to consider in optimal 
process and network design. 

In this study, we analyze the design of sustainable 
aviation fuel (SAF) production networks under different 
decision-making paradigms. We integrate Aspen-based 
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process simulations with game-theoretic frameworks to 
capture multi-agent interactions in a system comprising 
coal gasification, CO₂-assisted natural gas reforming, 
and Fischer–Tropsch aviation fuel synthesis. By compar-
ing centralized social-welfare optimization, cooperative 
bargaining, and competitive equilibria, we reveal how 
these approaches influence system structure, profit allo-
cation, and resource recycling.  

This work shows how considering strategic behav-
iors of agents through game-theoretical models has im-
plications on a SAF network optimal design and resource 
allocation, managing to find profitable and environmen-
tally preferable solutions through cooperation rather than 
competition or centralized social-welfare optimization. 

ASPEN-BASED PROCESS MODELS FOR 
SAF PRODUCTION 

Three process flowsheets were designed and 

implemented in Aspen Plus to represent the agents in the 
SAF network: coal gasification, CO₂-assisted natural gas 
reforming, and Fischer–Tropsch synthesis of fuels. The 
process diagrams for each agent are provided in Fig. 1.  

Coal gasification 
The coal-based syngas route includes crushing, ox-

ygen-blown gasification, H₂/CO ratio adjustment via wa-
ter-gas-shift (WGS), and contaminant removal. Gasifica-
tion was modeled using a Gibbs reactor, while WGS was 
implemented in an equilibrium reactor (REQUIL block) to 
maintain a H₂/CO ratio of approximately 2 for down-
stream synthesis. Heat integration between reactor ef-
fluents and water feeds improves energy efficiency. Syn-
gas cleanup was modeled using a flash unit with the 
ELECNRTL property package to capture ionic interac-
tions during NaOH absorption. 

Natural gas and CO2 reforming 
Reforming was modeled with CO₂ addition to control 

 
Figure 1: Coal gasification and syngas cleanup process flowsheet. 

 
Figure 2: CO2-assisted natural gas reforming process flowsheet 
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the H₂/CO ratio [4]. The flowsheet incorporates steam-
methane reforming, autothermal reforming, and WGS re-
actions, with CO₂ recycling from the process to enhance 
carbon utilization. Natural gas composition includes me-
thane (CH₄), ethane (C₂H₆), and propane (C₃H₈).  

Aviation fuel (Fischer-Tropsch synthesis)  
Aviation fuel production was modeled using the An-

derson–Schulz–Flory (ASF) distribution to predict hydro-
carbon chain growth according to Eq. (1) [5].  

𝑊𝑊� = 𝑛𝑛(1 − 𝛼𝛼)2𝛼𝛼�−1            (1)  

Here, 𝑛𝑛 is the carbon chain length, 𝛼𝛼 is the chain 
growth factor and 𝑊𝑊� is the mass fraction of the carbon 
chain of length 𝑛𝑛.  

The model accounts for paraffin and olefin for-
mation and water generation, ensuring realistic product 
distribution for jet fuel and co-products. Chain growth 
and olefin/paraffin ratios are extracted from literature [6]. 

Process Costing  
Equipment and utility costs for each process were 

estimated using the Aspen Process Economic Analyzer 
(APEA). Major units such as reactors, heat exchangers, 
compressors, and separation systems were sized and 
costed directly from Aspen outputs. Additional data for 
reformers and gasifiers were taken from relevant litera-
ture [7]. 

MODELS FORMULATION 

Agents’ objectives and constraints 
The payoff of each agent is determined as the Net 

Present Value (NPV) over a 15-year time horizon at a 15% 
discount rate. NPV accounts for equipment investment, 
utilities, feedstock purchases, and product revenues as 
shown in Eq. (2). Agents invest in capacity at the start of 
the horizon, with no expansion allowed thereafter.  

𝑁𝑁𝑁𝑁𝑉𝑉� = ∑ �𝐷𝐷𝐹𝐹� ⋅ (𝑅𝑅� − 𝑈𝑈� − 𝐹𝐹�) − 𝐶𝐶�
��� ⋅ �����

����
0�
0.6
� 15

�=1    (2) 

Here, 𝐷𝐷𝐷𝐷 = � 1

(1+�)�
� is the discount factor for the year 

𝑡𝑡, 𝑅𝑅� is the revenue from product sales, 𝑈𝑈� is the utility 
cost, 𝐹𝐹� is the feedstock cost, 𝐶𝐶�

��� is the cost for a given 
processing capacity of an agent; we use the 6/10 rule for 
economies of scale. 

Material balances link feed and product flows using 
conversion factors (ξ�,�) where 𝑏𝑏 is the product and 𝑎𝑎 a 
reference component in the feed; ξ�,� is obtained from 
ASPEN simulations as shown in Eq. (3). The set 𝐸𝐸 con-
tains all the chemicals that are consumed, produced and 
traded (coal, natural gas, water, syngas and CO₂). 

𝐹𝐹�,���� = ξ�,�𝐹𝐹�,���  𝑎𝑎, 𝑏𝑏 ∈ 𝐸𝐸, ∀𝑖𝑖 ∈ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴     (3) 

Each agent’s feedstock usage is limited by their in-
stalled capacity (Eq.(4)). 

𝐹𝐹�,���������
�� ≤ 𝐶𝐶𝐶𝐶𝑝𝑝�  ∀𝑖𝑖 ∈ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴         (4) 

Further, yearly aviation fuel demand must be met 
(Eq.(5)).  

 
 

Figure 3: FT route of aviation fuel production process flowsheet. Red flows are light compounds to be burnt for 
energy recovery. 

 



 

Cárdenas et al. / LAPSE:2026.0260 Syst Control Trans 5:462-469 (2026) 465  

𝐹𝐹��,����� = DEMAND                 (5)  

Finally, agents will not participate in a system that 
yields them negative profit (Eq. (6)). 

𝑁𝑁𝑁𝑁𝑉𝑉� ≥ 0 ∀𝑖𝑖 ∈ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴              (6)          

DECISION-MAKING FRAMEWORKS 
To capture strategic interactions among agents, 

three decision-making paradigms are implemented, each 
reflecting a different degree of autonomy and conflict 
among decision-makers. 

Centralized - Social welfare 
This framework assumes that each agent takes ac-

tions that maximize the conglomerate's overall well-be-
ing (profit), even if those actions are detrimental to the 
individual's objectives. The system-level objective is de-
fined as: 

𝑓𝑓�� = ∑ 𝑁𝑁𝑁𝑁𝑉𝑉��∈������       (7) 

Cooperation - Nash bargain problem 
Under this framework, agents remain autonomous 

but agree to collaborate through negotiation. This coop-
eration introduces strategic interdependence, as each 
agent’s pay-off depends on the collective agreement. 
According to Nash’s axiomatic framework, the bargaining 
solution is attained by maximizing the Nash product [8]. 

𝑓𝑓�� = ∏ (𝑁𝑁𝑁𝑁𝑉𝑉� − 𝑑𝑑�)�∈������      (8) 

Here, the pay-off of each agent is their NPV, and 𝑑𝑑� 
corresponds to the defection point for that agent. The 
defection point represents the pay-off an agent would 
receive by not being part of the bargain and can be inter-
preted as the bargaining power an agent possesses dur-
ing the negotiation process.  

For this study, two cases are considered: first, de-
fection points are set to zero for all agents, assuming 
equal footing in the bargain, and that failure to reach an 
agreement results in no investment in the conglomerate. 
Secondly, the defection point for each agent is the payoff 
they receive if the competitive solution is implemented. 
We will refer to these models as the symmetric and asym-
metric bargain problems, respectively. 

Both scenarios provide insight into how forced 
agreements (no cooperation means no investment) and 
organic cooperation (cooperation occurs only if it is ben-
eficial) shape the structure of the network. 

Competition - Generalized Nash Equilibria 
Under strict competition, agents act non-coopera-

tively, optimizing their own objectives while anticipating 
others’ decisions. This creates strategic conflict, as each 
agent seeks their self-interest within shared constraints.  

Since each agent has its own optimization goal, an 
integrated formulation of the multiple problems can be 
obtained by reformulating the optimization problems into 
their respective KKT conditions, yielding a Mathematical 
Program with Equilibrium Constraints (MPEC). Solving 
this model yields a Generalized Nash Equilibria (GNE), 
which is the point where no agent can improve their out-
come by unilateral decisions [9]. 

The multiple optimization problems to be solved 
share the form presented in Eq. (9). Here −𝑖𝑖 signifies all 
agents except 𝑖𝑖.  

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�� 𝑓𝑓�(𝑥𝑥�, 𝑥𝑥−�)
𝑠𝑠. 𝑡𝑡. 𝑔𝑔�(𝑥𝑥�, 𝑥𝑥−�) ≤ 0

ℎ�(𝑥𝑥�, 𝑥𝑥−�) = 0
𝐺𝐺(𝑥𝑥�, 𝑥𝑥−�) ≤ 0
𝐻𝐻(𝑥𝑥�, 𝑥𝑥−�) = 0
(𝑥𝑥�, 𝑥𝑥−�) ∈ ℝ�

 

⎭
⎪⎪
⎬

⎪
⎪
⎫

∀𝑖𝑖 ∈ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴   (9)            

Here, constraints that belong exclusively to agent 
𝑖𝑖 (𝑔𝑔�, ℎ�) and those shared across agents (𝐺𝐺,𝐻𝐻) must be 
clearly distinguished. When reformulating KKT condi-
tions, it is essential to track which constraints are in-
cluded in each agent’s Lagrangian and to correctly asso-
ciate the corresponding multipliers. 

The KKT reformulation for each agent consists of 
the following components: 

First-Order Conditions (FOCs): 

∇��𝑓𝑓�(𝑥𝑥�, 𝑥𝑥−�) + 〈

⎣
⎢
⎢
⎢
⎡𝜌𝜌�

�

𝜈𝜈�
�

𝜆𝜆�
𝜂𝜂�⎦
⎥
⎥
⎥
⎤
⋅

⎣
⎢
⎢
⎢
⎢
⎡
∇��𝑔𝑔�(𝑥𝑥�, 𝑥𝑥−�)
∇��ℎ�(𝑥𝑥�, 𝑥𝑥−�)
∇��𝐺𝐺(𝑥𝑥�, 𝑥𝑥−�)
∇��𝐻𝐻(𝑥𝑥�, 𝑥𝑥−�)⎦

⎥
⎥
⎥
⎥
⎤
〉 = 0      

Complementarity Conditions (ensuring only active 
inequalities contribute to the Lagrangian): 

𝜌𝜌�
� ⋅ 𝑔𝑔�(𝑥𝑥�, 𝑥𝑥−�) = 0, 𝜆𝜆� ⋅ 𝐺𝐺(𝑥𝑥�, 𝑥𝑥−�) = 0 

Primal Feasibility: 

𝑔𝑔�(𝑥𝑥�, 𝑥𝑥−�) ≤ 0, ℎ�(𝑥𝑥�, 𝑥𝑥−�) = 0
𝐺𝐺(𝑥𝑥�, 𝑥𝑥−�) ≤ 0,𝐻𝐻(𝑥𝑥�, 𝑥𝑥−�) = 0

(𝑥𝑥�, 𝑥𝑥−�) ∈ ℝ�
 

Dual Feasibility: 

𝜌𝜌�, 𝜆𝜆 ≥ 0, 𝜈𝜈� ∈ ℝ|��|, 𝜂𝜂 ∈ ℝ|�| 

MPECs are particularly hard to solve since comple-
mentarities may not respect constraint qualifications [10]. 
To overcome this, the problem is relaxed into a feasibility 
program by defining slacks on the First Order Conditions 
(𝜀𝜀���) and in the complementarity constraints (𝜀𝜀����), 
while smoothing the complementarity with a Fischer-Bur-
meister approximation (𝜙𝜙��) [10]. The objective function 
of this program is to minimize said slacks, approximating 
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the fulfillment of the equilibrium conditions. The complete 
relaxed problem is shown in equation (9). 

 min 𝜀𝜀� + 𝜀𝜀�
𝑠𝑠. 𝑡𝑡:   

 𝐹𝐹𝐹𝐹𝐶𝐶�(𝑥𝑥) ∈ [−𝜀𝜀�, 𝜀𝜀�]
𝑔𝑔�(𝑥𝑥) ≤ 0, ℎ�(𝑥𝑥) = 0
𝐺𝐺(𝑥𝑥) ≤ 0,𝐻𝐻(𝑥𝑥) = 0

𝜙𝜙���𝜌𝜌�� ⋅ 𝑔𝑔�� ∈ [−𝜀𝜀�, 𝜀𝜀�]
𝜙𝜙���𝜆𝜆� ⋅ 𝐺𝐺� ∈ [−𝜀𝜀�, 𝜀𝜀�]
𝑥𝑥 ∈ ℝ�; 𝜀𝜀�, 𝜀𝜀� ≥ 0

𝜌𝜌�, 𝜆𝜆 ≥ 0; 𝜈𝜈� ∈ ℝ|��|;  𝜂𝜂 ∈ ℝ|�|⎭
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎫

∀𝑖𝑖 ∈  𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒   (10)   

The Fischer-Burmeister approximation is shown in Eq. 
(11)    

𝜙𝜙��(𝑎𝑎 ⋅ 𝑏𝑏) ≝ √𝑎𝑎2 + 𝑏𝑏2 + 𝛿𝛿 − (𝑎𝑎 + 𝑏𝑏)     (11)    

Here, 𝛿𝛿 is a small positive constant to ensure that 
the derivative of the square root does not get undefined 
at the origin. The variables 𝜌𝜌��, 𝜆𝜆, 𝜈𝜈� and 𝜂𝜂 are the dual mul-
tipliers of 𝑔𝑔�, 𝐺𝐺, ℎ� and 𝐻𝐻 respectively. 

APPLICATION TO SAF PRODUCTION 
PROBLEM  

To illustrate the proposed frameworks, an existing 
decarbonization initiative at Pittsburgh International Air-
port (PIT) is used as a case study. PIT aims to incorporate 
locally synthesized sustainable aviation fuel (SAF) into its 
operations. In alignment with this goal, the case study 
evaluates the production of syngas from coal and natural 
gas, readily available resources in Pennsylvania, as feed-
stock for SAF synthesis. 

The system design includes cross-agent resource 
exchanges, such as the reuse of CO₂ generated during 
fuel synthesis in the natural gas reforming process, and 
the integration of water usage between agents. These in-
teractions are modeled under the three frameworks dis-
cussed in the previous section. 

RESULTS 
The previous optimization problems correspond to 

Non-Linear Programs (NLPs). They are coded in Python 
using PYOMO [11] as the modelling tool and IPOPT [12] 
as the solver. 

System structure 
Figures 4, 5, and 6 illustrate the optimal system con-

figurations under the three decision-making frameworks. 
The social welfare model favors complete syngas pro-
duction from natural gas, entirely excluding its production 
from coal.  

 
Figure 4. Social welfare system design. 
 

 
Figure 5. Cooperative system design. 
 

 
Figure 6. Competitive system design.  

Under cooperative bargaining, either symmetric or 
asymmetric, coal is incorporated into the system. This in-
clusion reflects the bargaining dynamics: agents seek to 
maximize their individual payoffs while ensuring mutual 
benefit, which allows coal to enter the system, as it im-
proves the payoff distribution among agents. Resource 
integration is also increased in this case, with the agents 
maximizing the reuse of CO₂ and water. This behavior 
arises because resource sharing enhances collective 
gains without compromising individual objectives under 
the Nash product formulation. 

Under the strict‑competition assumption, the sys-
tem consisting only of coal, natural gas, and the SAF 
agent fails to admit a generalized Nash equilibrium. This 
indicates that SAF production cannot be sustained using 
solely these local resources when all agents behave com-
petitively. An equilibrium emerges only when an external 
syngas supplier is introduced. In this case, the competi-
tive formulation satisfies first‑order optimality conditions 
within acceptable tolerances, and the complementarity 
conditions exhibit negligible residuals. The additional de-
gree of freedom provided by the external supplier 
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enables the SAF agent to meet its demand without full 
dependence on upstream agents. Consequently, the coal 
and natural gas agents are excluded from the equilibrium 
solution. 

Profit and resource allocation 
Figures 7 and 8 present the distribution of profits and re-
source use among agents under the three modelling 
frameworks. 

The social welfare model achieves the highest over-
all profit, as expected, since its objective is to maximize 
the sum of all agents’ NPVs, allowing for unfair distribu-
tions in which one agent receives most of the profit.  

In contrast, the Nash bargaining solution redistrib-
utes profits across agents. Symmetrical bargaining re-
flects equal bargaining power for the agents, achieving 
an equal split of the profit share. An asymmetric bargain, 

on the other hand, distributes resources based on how 
competitive each agent is if no agreement is reached. It 
is important to note that, even though bargaining reduces 
the total profit of the system, it does so slightly: 99.3% 
and 96.5% of the maximum attainable system profit is 
achieved for asymmetric and symmetric bargains, re-
spectively. 

In the competitive solution, at the Nash equilibrium, 
the SAF agent attains a positive NPV, while coal and nat-
ural gas agents are excluded, with syngas sourced en-
tirely from the external supplier. This outcome indicates 
that, in a fully competitive setting, local coal and natural 
gas agents lack sufficient competitiveness, suggesting 
that cooperative or centralized schemes may be required 
if these local feedstock sources are to be used. It is worth 
noting that the lowest overall NPV for the system and for 
the SAF agent is achieved in this competitive setting, 

 
Figure 7. Profit distribution among agents under different frameworks. Social welfare maximizes total system profit 
and strongly favors the SAF agent. Cooperation (bargaining) redistributes profits, while competition (GNE) reduces 
overall profit and excludes upstream agents. 
 

 
Figure 8. Resource distribution under different frameworks. Bairganing corresponds to the maximum reuse of 
resources (CO2 and water) between the agents. Competition eliminates internal exchanges, favoring external 
sourcing and hence is excluded from the chart. 
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resulting in a 12.4% loss in overall system NPV relative to 
the social welfare maximum. A SAF agent aware of this 
outcome would then prefer a social welfare approach (i.e. 
to integrate the syngas production process within the 
same firm) or an asymmetric bargain where their compet-
itive status is maintained. The SAF agent will discourage 
symmetric bargaining, since the cooperative solution 
provides the lowest payoff. 

Resource exchanges also differ significantly across 
frameworks. CO₂ trading between agents occurs consid-
erably only under symmetric bargaining, while water in-
tegration is maximized under social welfare and both 
symmetric and asymmetric bargaining compared to com-
petition. This behavior aligns with theoretical expecta-
tions: competitive agents tend to minimize reliance on in-
ternal resource sharing and instead favor external pro-
curement. These findings suggest that bargaining not 
only redistributes profit but also promotes resource reuse 
within the system, enhancing overall integration. 

An important result is that bargaining enables a full 
recycle of CO₂ from the coal agent to the natural‑gas 
agent, producing a configuration with no direct CO₂ emis-
sions. In this setting, bargaining not only improves the 
distribution of profits with negligible loss in total system 
profit, but also leads to a more environmentally favorable 
configuration of the whole SAF network. 

CONCLUSIONS 
This study evaluates three decision-making para-

digms, social welfare maximization, cooperative bargain-
ing (with symmetric and asymmetric bargaining power), 
and strict competition to understand how strategic inter-
actions influence network configuration, profit distribu-
tion, and resource sharing in a SAF production system. 

Optimization of the social welfare achieves the high-
est total profit but excludes coal from the system, priori-
tizing the use of natural gas. Cooperative bargaining en-
ables coal’s inclusion and promotes internal resource 
sharing, generating positive NPVs for all agents with a 
minor decrease in the system's total profit of the system. 
However, the SAF agent benefits most from social wel-
fare maximization and asymmetric bargaining. Hence, the 
SAF agent perceives no incentive to enter an equal-foot-
ing bargaining arrangement, whereas upstream agents 
favor some specific bargains to secure participation and 
positive payoffs. Coal benefits from any sort of arrange-
ment, while natural gas will only be benefited by a sym-
metric bargain compared to the centralized social welfare 
solution.  

The competitive solution requires the presence of 
an external syngas supplier, allowing the convergence to 
a Generalized Nash Equilibria. However, it excludes the 
coal and natural gas agents from the system, which is not 
desirable if the promotion of local resource usage is 

sought after. 
Future work will extend this analysis to consider in-

formation asymmetry and coalition formation, offering a 
deeper understanding of strategic behavior in multi-
agent systems. 
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