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ABSTRACT 
Hydrogen is a key element in the global transition toward a low-carbon economy, with green hy-
drogen offering significant potential to decarbonize industries and energy systems. This study 
focuses on designing and optimizing a green hydrogen supply chain (HSC) for the state of Bahia, 
Brazil, using a deterministic Mixed-Integer Linear Programming (MILP) model. The model evaluates 
24 scenarios combining production sites, storage technologies, transportation methods, and en-
ergy sources, minimizing the Total Sustainable Cost (TSC). The TSC integrates financial and envi-
ronmental costs, monetizing CO₂ emissions using international carbon pricing. Results indicate 
that economies of scale play a critical role allowing the minimization of the financial costs while 
achieving lower greenhouse gas (GHG) emissions compared to other scenarios. The study em-
phasizes the importance of aligning production strategies with regional renewable energy re-
sources to enhance both cost-effectiveness and sustainability. Future research should incorpo-
rate stochastic approaches to address uncertainties in hydrogen demand, energy availability, and 
market dynamics. 

Keywords: Green Hydrogen Supply Chain, Optimization, Brazil Case Study, Environmental Concerns, Scenar-
ios Analysis

INTRODUCTION 
The rising greenhouse gas (GHG) emissions have 

led to a significant shift in energy production, distribution, 
and consumption. To facilitate this transition—replacing 
fossil fuels with renewable sources—it is essential to un-
derstand the role of energy storage in the supply chains 
(SC) of the future energy mix [1]. In this setting, Hydrogen 
is an energy carrier with significant potential to decar-
bonize key sectors. The optimization of hydrogen supply 
chains (HSC) has gained considerable attention from the 
Process Systems Engineering (PSE) community over the 
last decade [2]. Several studies address SC uncertainty, 
while others use capacitated facility location problem 
models based on deterministic data. Although determin-
istic models offer a solid foundation for SC design, they 
do not account for uncertainties and imperfect infor-
mation about future business environments, limiting their 
capacity to predict performance in varying scenarios [3-

4]. 
In this context, Brazil emerges as a relevant player 

in green hydrogen production due to its abundant wind 
and solar resources. However, the deployment of a com-
plete SC is necessary to produce, transport, store, and 
distribute this low-carbon fuel [5]. This work explores 
these challenges and develops a deterministic approach 
to design and plan a green hydrogen supply chain 
(GHSC) for the Brazilian State of Bahia. 

PROBLEM STATEMENT 
As a deterministic capacitated facility location prob-

lem, this work aims to design optimal investments in the 
GHSC to meet the demand of Bahia’s oil refinery, accord-
ing to the superstructure in figure 1.  The demand cluster 
requires 200 MW (29 kt/year) of hydrogen, according to 
a previous study developed at SENAI-CIMATEC [6]. 
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Given: 

(i) A predefined hydrogen demand 𝐷𝐷𝑗𝑗 for 𝑗𝑗 = 1 
(representing the refinery). 

(ii) Possible facility locations (7 locations in Bahia). 

(iii) Scenarios involving energy sources (solar, 
wind, or grid), storage options (liquefied or 
compressed), and transportation methods (trucks 
or pipelines). 

Determine the optimal: 
(i) Hydrogen production plant locations and capaci-
ties 𝑥𝑥𝑖𝑖. 
(ii) Storage and transportation methods for each 
production plant. 
(iii) Energy sources used at each production plant. 

 
Objective: Minimize the Total Sustainable Cost (TSC), 
which is the sum of financial and environmental costs. 
The environmental cost is represented as a weighted 
function of CO₂ emissions, monetized using the interna-
tional carbon credit price. 

 

Figure 1: Model superstructure. 

METHODOLOGY 

The cost and emissions data were obtained using 
the Decision-Making Model for Hydrogen (DMMH2) soft-
ware developed by SENAI-CIMATEC University [7]. This 
software calculates the Levelized Cost of Hydrogen 
(LCOH) across all stages of production, storage, and 
transportation for different production scales, incorpo-
rating inputs such as capacity availability for wind and 
solar plants, as well as electricity prices for grid-powered 
plants. Emissions data are also considered. The model 
estimates annual costs based on a comprehensive data-
base that includes both literature sources and supplier 
data [8]. 

The capacity factors for renewable energy genera-
tion at each site are derived from historical data provided 
by the National Electric System Operator (ONS) for the 
year 2024. Regarding CO₂ emissions, fugitive hydrogen 
emissions were not considered in this study. Instead, 
emissions were estimated based on life cycle assess-
ment (LCA) data available in the literature for each stage 

of the supply chain, including PEM electrolysis, gaseous 
and liquid storage, as well as transportation via trucks 
and pipelines. 

Distances (in kilometers) between the production 
plants and the demand point were included for both pipe-
lines and trucks. These were calculated using Google 
Earth (with a 5% safety margin to account for potential 
deviations in pipeline routing) and Google Maps for road-
based transportation routes, Figure 2 indicates the local-
ization of each possible hydrogen plant (1 to 7) and the 
demand point (A) for the study case. Additionally, the 
analysis assumes the construction of new hydrogen 
pipelines, incorporating their associated costs into the 
model. 

Capacity factors for wind and solar power plants 
were obtained from the Brazilian National Electric System 
Operator [9]. The capacity factors were regionally spe-
cific and calculated based on the locations of wind and 
solar plants near the hydrogen production sites. Table 1 
summarizes the location, primary energy source, and dis-
tances between production plants and the demand point 
and average capacity factor. Figure 3 presents the 
monthly capacity factor. 

 
Figure 2: Geographic Map of Hydrogen Production Plants 
and Demand Points in Bahia. 

The optimization problem incorporated these data 
inputs to evaluate 24 scenarios (7 potential plant loca-
tions, 2 storage technologies, and 2 transportation meth-
ods), with each scenario representing a different logisti-
cal and renewable energy availability. Table 2 provides 
additional information, such as electricity prices, carbon 
emissions prices, operational hours, and other relevant 
parameters. 

These inputs directly feed into the Mixed-Integer 
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Linear Programming (MILP) model, described in section 
“Mathematical Modelling”, where the regression data (Ai, 
Bi, Ci, Di) are used to calculate the TSC for each scenario. 
This integration ensures that the optimization process 
accounts for both economic and environmental consid-
erations. The regression coefficients were derived using 
Microsoft Excel’s “SLOPE” function, which determines the 
slope of the linear regression line, and the “INTERCEPT” 
function, which calculates the corresponding intercept. 
These calculations were performed using cost and emis-
sions data extracted from the DMMH2 software. 

OPTIMIZATION FRAMEWORK 

Problem Description 
The optimization aims to minimize the TSC of the 

GHSC. This is achieved by determining the optimal 

locations, energy sources, storage, and transportation 
methods to supply the full hydrogen demand of Bahia’s 
oil refinery. Each scenario 𝑖𝑖 is defined by: 
 One energy source (solar, wind, or grid). 
 One storage technology (liquefied or compressed 

hydrogen). 
 One transportation method (truck or pipeline). 

 

Mathematical Modelling 
The sustainable cost for each scenario is given by 

the scalarization function: 

𝑚𝑚𝑚𝑚𝑚𝑚 𝑇𝑇𝑇𝑇𝑇𝑇 =  ∑ 𝑆𝑆𝑆𝑆𝑖𝑖(𝑥𝑥𝑖𝑖)𝑛𝑛
𝑖𝑖=1                       (1) 

𝑆𝑆𝑆𝑆𝑖𝑖(𝑥𝑥𝑖𝑖) = 𝑇𝑇𝑇𝑇𝑖𝑖(𝑥𝑥𝑖𝑖) + 𝐸𝐸𝑖𝑖(𝑥𝑥𝑖𝑖)                  (2) 

where: 

Table 1: Distances Between Hydrogen Production Plants and Demand Point. 
Plant 

Number 
Plant Location Primary En-

ergy Source 
           Distance (km) 

    
Capacity Factor  

(Average) 
Truck Pipeline  

 Barreiras Solar PV   % 

 Juazeiro Solar PV Wind 
Power   % Wind Power 

% Solar PV 
 Brumado Wind Power   % 
 Vitória da Conquista Grid   - 
 Tabocas do Brejo Velho Solar PV   % 
 Xique-Xique Wind Power   % 
 São Francisco do Conde Grid   - 

 

 
Figure 3: Monthly Capacity Factor.   
 
Table 2: Software Inputs. 

Information Input Reference 
Bahia’s electricity price US$ / kWh [] 
Carbon Emissions Price US$ / kgCOeq [] 

Operating Hours  h/year DMMH default 
Cylinder Type Type I DMMH default 
Pipeline Type ” % H DMMH default 

Plant Capacity Factor % DMMH default 
WACC Brazil  DMMH default 
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 𝑇𝑇𝑇𝑇𝑖𝑖(𝑥𝑥𝑖𝑖) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖 + 𝐵𝐵𝑖𝑖: Total financial cost as a 
function of decision variables 𝑥𝑥𝑖𝑖. 

 𝐸𝐸𝑖𝑖(𝑥𝑥𝑖𝑖) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖 + 𝐷𝐷𝑖𝑖: Environmental cost, where 𝑤𝑤 is 
the weight given to emissions. 

 𝐴𝐴𝑖𝑖, 𝐵𝐵𝑖𝑖, 𝐶𝐶𝑖𝑖, 𝐷𝐷𝑖𝑖: Regression parameters for each 
scenario 𝑖𝑖. 

Constraints: 

 Hydrogen production from all selected plants must 
equal the refinery’s demand: 

∑ 𝑥𝑥𝑖𝑖𝑖𝑖 =  𝐷𝐷𝑗𝑗 , ∀𝑗𝑗 = 1 ;  𝐷𝐷𝑗𝑗 = 200 𝑀𝑀𝑀𝑀      (3) 

 Hydrogen production is an integer variable: 

𝑥𝑥𝑖𝑖 ∈ 𝕫𝕫+, ∀𝑖𝑖                              (4) 

 Hydrogen production is constrained by its 
maximum capacity and is dependent on whether 
the plant is selected: 

𝑥𝑥𝑖𝑖 ≤ 200𝑌𝑌𝑖𝑖, ∀𝑖𝑖     (5) 

• Binary decision variables 𝑌𝑌𝑖𝑖 indicate whether a 
specific scenario is selected: 

𝑌𝑌𝑖𝑖  ∈  {0,1}, ∀𝑖𝑖                            (6) 

This model was implemented using Python due to its 
flexibility and the availability of robust libraries for math-
ematical programming. The formulation of the MILP prob-
lem was conducted using Pyomo. For solving the optimi-
zation problem, GLPK was selected as solver, given its 
efficiency in handling large-scale MILP problems and its 
advanced features for parameter tuning and perfor-
mance improvement. The solver configuration included 
default precision settings, with adjustments made to the 
time limit to ensure computational feasibility while main-
taining the accuracy of the results. This computational 
framework facilitated the integration of regression data 
and allowed for efficient scenario evaluation across all 24 
cases. 

RESULTS & DISCUSSION 
The results obtained are presented in Table 3. The 

minimization of the Total Sustainable Cost (TSC) re-
vealed only one viable scenario, scenario 8, character-
ized by maximum production capacity. This outcome is 
attributed to the economies of scale inherent in hydrogen 
production, where increasing production capacity signif-
icantly reduces financial costs. Consequently, the cost 
equations consistently achieve their minimum value at 
200 MW. 

Scenario 8, with a TSC of USD 5.88/kg H₂, was iden-
tified as the optimal solution. It features a plant located in 
Juazeiro, a region with high wind energy potential, and 
utilizes gaseous hydrogen distributed via pipeline. This 

configuration benefits from reduced financial costs due 
to the favorable wind energy profile of the location. 

A sensitivity analysis (Figure 4) varying the demand 
constraint reinforces this finding. For most demand sce-
narios, Scenario 23 emerges as the optimal solution in 
terms of TSC, except for the 200 MW capacity case, 
where Scenario 8 remains the best option. 

Figure 5 provides a snapshot of the results. While 
Scenario 23 demonstrates the lowest Levelized Cost of 
Hydrogen (LCOH), it shares the same hydrogen form and 
distribution method (Liquefied and pipeline) as Scenario 
8 but differs in plant location (S. Francisco do Conde) and 
primary energy source (Grid). However, Scenario 8 
achieves significantly lower GHG emissions than Sce-
nario 23, highlighting the trade-off between financial and 
environmental considerations, and the considerable dif-
ference at TSC. 

The results underscore the impact of economies of 
scale on GHSC optimization. By prioritizing maximum 
production capacity, the model leverages cost ad-
vantages that make large-scale production the most fi-
nancially viable option. However, the practical implemen-
tation of such solutions remains challenging, requiring 
substantial investments in infrastructure and technology, 
particularly concerning the construction of new pipeline 
networks. 

Furthermore, the comparison between Scenarios 8 
and 23 highlights the importance of considering both fi-
nancial and environmental metrics. While Scenario 23 
minimizes LCOH, its reliance on electricity from the grid 
results in higher GHG emissions, emphasizing the envi-
ronmental trade-offs of different SC configurations. 

Additionally, scenarios relying on grid electricity ex-
hibited significantly higher LCOH values due to the ele-
vated electricity prices in Brazil. Despite these variations, 
the hydrogen cost ranges presented in this study align 
with values reported in the literature [12,13] for optimal 
configurations. This work reinforces the importance of 
evaluating the hydrogen supply chain (HSC) within spe-
cific production and usage contexts, providing valuable 
insights for guiding the development of the hydrogen 
market while reducing uncertainties from project plan-
ning to physical deployment. 

CONCLUSION 
This study develops a deterministic MILP model to 

optimize the HSC for Bahia, focusing on supplying 200 
MW of hydrogen to its oil refinery. The model evaluates 
24 scenarios involving combinations of production sites, 
storage technologies, transportation methods, and en-
ergy sources, aiming to minimize the TSC, which inte-
grates financial and environmental metrics. The results 
highlight the importance of economies of scale in reduc-
ing the financial costs of hydrogen production. The 
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optimal scenario identified a production plant located in 
a region with high wind energy potential, leveraging re-
newable energy to achieve cost-effectiveness and sus-
tainability. However, trade-offs between financial and 

environmental metrics were observed, demonstrating the 
need for balanced decision-making to meet both eco-
nomic and decarbonization goals.  

Future research should address uncertainties in 

 
Figure 4: Sensitivity analysis. 
 
Table 3: Study Case Results. 

Scenario TSC 
(US$/kgH) 

Plant Ca-
pacity 
(MW) 

Plant lo-
cation 

Energy 
source 

H Form Distribution 

   Juazeiro Wind 
Power Gaseous Pipeline 

   
São Fran-
cisco do 
Conde 

Grid Gaseous Pipeline 

 

Figure 5: Result Snapshot. 
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HSC design, enhancing resilience to market and opera-
tional variability while advancing decarbonization strate-
gies. Moreover, the integration of multi-objective optimi-
zation could provide more robust solutions, accounting 
for variations in renewable energy availability, hydrogen 
demand, and carbon pricing. Expanding the analysis to 
include sector coupling, such as heat and power integra-
tion, may further enhance the practical application and 
sustainability of GHSCs. Additionally, exploring parame-
ter sensitivity and socio-political factors would enhance 
the robustness and relevance of the study. 
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