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Abstract

This study investigates how the hydrogen supply chain should be designed under alterna-
tive carbon tax scenarios to decarbonize heavy-duty freight transportation. A bi-objective,
multi-period optimization model is developed to minimize the total daily system cost while
constraining CO, emissions using the Augmented ¢-constraint approach, thereby revealing
the trade-off between economic and environmental objectives. The model was applied to
Tiirkiye’s heavy-duty transportation sector and solved under zero, moderate, and aggres-
sive carbon tax scenarios. The results show that the levelized cost of hydrogen (LCOH)
ranges from 2.06 to 14.06 $/kg Hy. High carbon pricing increases the LCOH by 29.06% in
hybrid designs, while raising the renewable energy share from 2.04% to 46.97% in central-
ized supply chains. Sensitivity analysis reveals that a +=20% variation in electrolyzer-based
production costs does not alter the network topology but shifts the LCOH between 13.10
and 15.02 $/kg H; in emission-focused solutions. The findings indicate that in renewable-
energy-based decentralized structures, higher carbon tax policies primarily increase the
LCOH. Still, the overall technology mix and network topology remain largely unchanged
compared to the no-tax case. However, in centralized supply chains, carbon pricing affects
both the energy sources and selected technologies. By integrating Tiirkiye’s 2030-2053 pol-
icy milestones into a multi-period framework, this study distinguishes itself by providing a
comprehensive, multi-period planning framework tailored to the economic and logistical
realities of developing countries. Unlike existing models, our approach quantifies how
evolving carbon tax trajectories decisively drive infrastructure investment by analyzing the
direct impact of different tax levels on the operational and strategic decisions of heavy-duty
transport. This research represents the first joint assessment of carbon tax policy instru-
ments and the evolution of long-term hydrogen supply chains, offering a decision-making
framework for policy-driven energy transitions in similar emerging economies.

Keywords: bi-objective optimization; hydrogen supply chain; supply chain; heavy-
duty fuel-cell vehicle; carbon tax; carbon dioxide emission; fleet decarbonization;
renewable energy

1. Introduction

The continuous growth in population and economic activity has led to a persistent
increase in global energy demand. The widespread use of fossil fuels increases greenhouse
gas emissions and accelerates climate change. Climate change has evolved into a global
challenge affecting all countries, regardless of their level of development. International
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efforts to address this issue have been institutionalized through the United Nations Frame-
work Convention on Climate Change (1992), the Kyoto Protocol, and the Paris Agreement.
Under the Paris Agreement, limiting the increase in global average temperature to 2 °C
and achieving a long-term carbon-neutral structure have been established as central objec-
tives. Attaining these targets requires a fundamental transformation in patterns of energy
production and consumption.

Given the global dominance of fossil fuel-based energy policies, the energy sector
occupies a central position in this transformation. Greenhouse gas emissions from the
energy sector account for nearly two-thirds of total global emissions [1]. In this context,
electrification stands out as an important alternative to fossil fuel consumption.

In Ttirkiye, despite the strategic expansion of renewable capacity, electricity generation
remains notably reliant on fossil fuels to ensure grid stability. According to the latest official
statistics, as of 2025, 56.6% of Tiirkiye’s electricity generation was derived from fossil
sources (33.6% coal and 23% natural gas), while renewable energy sources accounted
for 43.4% of total production [2]. This structure underscores that an electricity-centered
transition alone remains insufficient to meet deep decarbonization targets.

Beyond the limited share of renewables, the inherent volatility of renewable energy
sources poses a major technical challenge. Fluctuations in renewable output can signif-
icantly reduce electrolyzer operating efficiency and increase the LCOH. To address this,
directly coupling renewable energy deployment with green hydrogen production is a
practical solution. Utilizing surplus or curtailed electricity for water electrolysis not only
provides a sustainable energy carrier but also helps manage the variability of natural
resources. As Li et al. [3] noted, this integration is essential to overcome the intermittent
nature of wind and solar power. While these macro-level perspectives are critical, the
impact of resource volatility can also be managed through micro-level control strategies.
For instance, Wang et al. [4] demonstrated that implementing flexible on-grid and off-grid
mechanisms in electric-hydrogen-coupled microgrids can effectively mitigate energy fluc-
tuations. This operational approach supports distributed production and offers a practical
reference for energy integration efforts. Furthermore, implementing solutions such as
thermal energy storage (TES) can mitigate these operational fluctuations. This improves
electrolyzer efficiency and enhances the overall economics of renewable-based hydrogen
production, especially in regions with a high share of fossil fuels, such as Tiirkiye [5].

The focus on heavy-duty vehicles (HDVs) is justified by their dominant role in both
energy consumption and greenhouse gas emissions. Globally, energy use in transport
accounts for approximately 16.2% of total emissions, making it one of the largest contrib-
utors alongside the industrial sector [6]. Within this framework, the transport sector is
identified as the second-largest source of CO; emissions globally, with road transport being
the most carbon-intensive mode [7]. According to the European Environment Agency, road
transport alone was responsible for 73% of all EU transport GHG emissions in 2023 [8].
The impact of HDVs becomes even more pronounced when the freight sector is analyzed
specifically. Data indicates that heavy-duty vehicles can account for up to 78.5% of freight-
related carbon emissions, whereas light vans, maritime, and rail contribute significantly
lower shares of 13.3%, 6.8%, and 1.1%, respectively [9]. Furthermore, hydrogen-fuel-cell
technology is uniquely suited for the operational requirements of HDVs, providing the high
energy density necessary for long-haul ranges and rapid refueling times that are currently
unattainable with battery—electric alternatives for heavy freight logistics. These figures
underscore that decarbonizing the heavy-duty segment through hydrogen transition is a
prerequisite for achieving meaningful emission reductions in the transport sector.

In this framework, hydrogen is a promising energy carrier for reducing carbon emis-
sions in the transportation sector. Hydrogen production capabilities from diverse primary
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energy sources, storability and transportability, zero carbon emissions at the point of use,
and high energy density offer significant advantages, especially for heavy-duty freight
applications. However, the long-term operational viability of these applications depends on
overcoming technical challenges such as fuel cell performance degradation and durability
issues. Factors such as electrode material degradation and catalyst loss, often exacerbated
by fluctuating operating conditions, can shorten vehicle service life and increase mainte-
nance and replacement costs [10]. Consequently, realizing this potential depends not only
on the widespread adoption of fuel-cell vehicle technologies but also on comprehensive
planning of the hydrogen supply chain infrastructure, including decisions on production
locations, technologies, and capacities; transportation modes; and storage forms. With-
out coordinated infrastructure planning, the diffusion of hydrogen-fuel-cell vehicles will
remain limited.

This transition process is particularly complex in developing countries. These coun-
tries, which often rely on natural gas and coal, may not be able to phase out fossil fuels
immediately. So, it is necessary to address energy transformation not solely from an en-
vironmental perspective but also from the perspectives of economic sustainability and
practical feasibility. This challenge is further validated by the recent report on the future of
European competitiveness prepared by Mario Draghi [11]. The report demonstrates that
even the European Union, one of the world’s most advanced economic blocs, is experi-
encing a significant erosion of its competitive strength due to the costs of radical energy
transitions, such as carbon taxes and hydrogen integration. In a context where even an
innovation-leading region struggles to bear this weight, imposing similar policies on de-
veloping economies with limited financial depth and technological infrastructure may
act as a “green barrier” that deepens global economic inequality. When the priorities of
key stakeholders, such as governments, energy producers, and logistics companies, are
disregarded, proposed plans become unrealistic. Approaches that focus exclusively on
emission minimization may become infeasible due to high costs. In this regard, policy
instruments such as carbon taxes, if designed in a balanced and context-sensitive manner,
can encourage emission reductions while promoting cost-effective solutions. Nevertheless,
as the European experience highlights, excessively high carbon tax levels may impose
significant economic pressures on countries where industrialization is still ongoing.

For Tiirkiye, a developing country, the Energy and Natural Resources Ministry set clear
targets in the Hydrogen Technologies Strategy and Roadmap for electrolyzer capacity for
green hydrogen production and the levelized cost of hydrogen for 2030, 2035, and 2053 [12].
As these declared targets are significant, the optimal pathway planning for this hydrogen
supply chain development requires in-depth analysis. To ensure policy alignment, the
multi-period structure of this study (t1-t5) is designed to cover these national milestones,
from the initial 2030 capacity targets to the 2053 net-zero vision.

In this context, Tiirkiye serves as a highly representative case for developing nations
characterized by a dual-constraint energy landscape. As an emerging economy that has
ratified the Paris Agreement, Tiirkiye has committed to ambitious emissions reduction
targets; however, it remains dependent on a domestic energy structure heavily tied to fossil
fuels, which cannot be phased out immediately without jeopardizing economic stability.
This creates a fundamental challenge shared by many similar developing countries: how
to design and implement transition policies that are both environmentally effective and
practically feasible. Consequently, this research seeks to answer several strategic questions:
How can a developing country plan a hydrogen transition that balances climate obligations
with economic constraints? Specifically, how do different carbon tax trajectories influence
infrastructure costs, technology selection, and emission reduction performance in the
heavy-duty transport sector?
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To address these questions, the primary objective of this study is to provide a long-
term, integrated planning framework for hydrogen supply chain infrastructure to support
the transition to hydrogen-fuel-cell vehicles in the heavy-duty freight transportation sector.
For this purpose, a bi-objective, multi-period optimization model is proposed to minimize
total daily system cost and carbon dioxide emissions simultaneously. The model integrates
decisions on hydrogen production, transportation, and storage into a unified analytical
framework and incorporates carbon taxes as a policy instrument that directly influences
cost structures. This approach enables an examination of how the trade-off between cost
and emissions evolves under different carbon tax levels and reveals the sensitivity of
infrastructure decisions to policy conditions. The model is applied to the heavy-duty
transportation sector in Tiirkiye to test its validity. The findings are promising for the
feasible and policy-sensitive planning of hydrogen-based transportation infrastructure in
developing countries.

The unique aspect of this study is that it proposes a hydrogen pathway planning
framework for a heavy-duty fleet transition plan in the long run, considering alternative
carbon tax policies, production, storage, and transportation methods, and energy sources,
and reveals the trade-off between the costs and emission performance in different network
architectures, and applies it to the case of Tiirkiye. The findings imply the impact of carbon
tax policies on the feasibility of decarbonizing the transportation sector in this country.

The paper’s organization is as follows: The second section reviews the literature. The
third section explains the problem definition and methodology in detail. a case study for
Ttirkiye is presented in the fourth section. The results of the case study are discussed,
and the managerial implications are presented in the fifth section. Finally, the paper
is concluded.

2. Literature Review

As decarbonization targets in road transportation become more clearly defined,
hydrogen-fuel-cell vehicles gain strategic importance, particularly in the heavy-duty freight
segment. In this segment, long driving ranges and high payload capacities are decisive
factors. Battery-based solutions face substantial limitations due to weight, charging time,
and infrastructure constraints. These conditions have led to the consideration of hydrogen
not merely as an alternative fuel, but as an energy carrier considered at the system level.
The literature supports this perspective by emphasizing that the role of hydrogen in trans-
portation extends beyond vehicle technology, and that production, storage, transportation,
and spatial configuration decisions jointly shape economic and environmental performance.
Accordingly, research on hydrogen-based heavy-duty freight transport has progressively
shifted from technology-specific production analyses toward integrated supply chain and
network design approaches.

Studies adopting a more localized perspective on production have examined the
technical feasibility of small-scale renewable energy-based systems. Dursun et al. [13]
developed a dynamic model for Istanbul to simulate hydrogen production via electrolysis
using a hybrid solar-and-wind energy system. Geng et al. [14] investigated the effects of
electrolyzer capacity and wind turbine specifications on hydrogen production costs. This
techno-economic perspective is further supported by studies on emerging markets such
as Albania, which suggest that while renewable-based electrolysis currently faces high
production costs (LCOH), a transition phase using natural gas with carbon capture could
serve as a strategic bridge toward a long-term green hydrogen economy [15].

Research focusing on post-production stages addressed hydrogen storage from the
perspectives of technical safety, site selection, and technology comparison. Rock salt
formations in the Tuz Golii region in Tiirkiye were assessed for large-scale hydrogen
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storage [16]. Another study evaluated alternative underground hydrogen storage options
by incorporating technical, cost, socio-economic, and risk-related criteria [17]. Additionally,
a study using a multi-criteria approach compared tank storage, metal hydride systems, and
chemical storage alternatives [18]. Placing storage and safety at the center of the decision-
making process, Kim and Moon [19] formulated a mixed-integer linear programming
(MILP) model that incorporates production, storage, and multiple transportation modes,
including pipelines. The results demonstrated that higher safety levels lead to more
localized production structures and increased system costs. Kim et al. [20] proposed an
index-based approach to evaluate the safety of hydrogen infrastructure by integrating
production, storage, and transportation risks with regional characteristics. Their findings
indicated that distributed production structures and liquid hydrogen transport generally
exhibit lower overall risk.

Following these studies, integrated models that consider multiple elements of the
hydrogen supply chain within a unified decision framework emerged. Almansoori and
Shah [21] developed a single-period mixed-integer linear programming model that si-
multaneously considered decisions on hydrogen production, storage, and distribution.
The study defined the hydrogen supply chain end-to-end and compared the effects of
physical form choices on storage and transportation costs. In a subsequent study, Alman-
soori and Shah [22] extended this approach to a multi-period framework that incorporates
long-term planning considerations. The study analyzed the development of the hydrogen
infrastructure gradually over time in line with increasing demand, which was defined de-
terministically.

Multi-period supply chain models that jointly address temporal and spatial dimen-
sions represent a significant maturation stage in hydrogen infrastructure planning. In this
context, Agnolucci et al. [23] developed a multi-period Spatial Hydrogen Infrastructure
Planning Model for the United Kingdom, integrating production, storage, transportation,
and carbon capture and storage (CCS) infrastructure within the transportation sector. The
study shows that demand density and geographic distribution play a key role in total
system costs, and that a careful balance is essential between the lower production costs
of large-scale centralized plants and rising transportation costs. Similarly, Moreno Ben-
ito et al. [24] examined the long-term development of hydrogen systems incorporating
pipeline infrastructure and CCS technologies for the United Kingdom. The study showed
that steam methane reforming (SMR) combined with CCS offers a cost-effective transition
pathway and that pipeline investments become increasingly decisive as demand intensifies.
Kim and Kim [25] analyzed the relationships among demand levels, network structures,
and technology selection using a national-scale, multi-period model for South Korea that
accounts for renewable energy sources. The results show that when hydrogen demand is
low, centralized production structures based on biomass gasification are more economically
attractive. However, as demand increases, more distributed network structures based on
electrolysis facilities become economically favorable to reduce high transportation costs.
This finding demonstrates that demand size directly affects capacity decisions, technol-
ogy choice, and network configuration. While these spatial models analyze distributed
structures at a macro level, integrating hydrogen into microgrid frameworks introduces an
operational perspective on technology selection. For instance, Wang et al. [4] developed
an electricity-hydrogen coupled microgrid control framework with a flexible on-grid and
off-grid mechanism. Their study highlights how such distributed control systems can effec-
tively manage fluctuations in renewable energy, offering a practical reference for stabilizing
local hydrogen infrastructure during periods of supply volatility. In another national-scale
and long-term study, Bique and Zondervan [26] developed a multi-period MILP model for
Germany from 2030 to 2050, encompassing primary energy supply, hydrogen production,
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storage, and distribution. The results suggested that coal gasification plays a dominant role
in the short term, while renewable energy-based electrolysis becomes more competitive
in the long term as electricity prices decline. The distribution of liquid hydrogen via rail
tankers was one of the most efficient options.

In studies that address cost and environmental objectives together, the impact of envi-
ronmental constraints on technology selection and system design becomes more evident.
The environmental potential of hydrogen extends beyond road transport as a cross-sectoral
decarbonization pathway. In the maritime sector, life cycle assessments indicate that hy-
drogen internal combustion engines can reduce specific environmental burdens up to
99% compared to conventional diesel engines. However, the widespread adoption of
these technologies still faces technical challenges regarding infrastructure gaps and low
volumetric energy density [27]. Ogumerem et al. [28] examined the trade-offs between
economic performance and greenhouse gas emissions using a multi-objective, multi-period
model and solved it with the e-constraint method. The study showed that selling oxygen, a
by-product of electrolysis, can make this technology more competitive both economically
and environmentally. Similarly, De Leon Almaraz et al. [29] proposed a multi-objective
optimization framework that simultaneously incorporates cost, environmental impact,
and safety risk, and defined alternative network structures corresponding to different
priority combinations via Pareto frontiers. These studies represent an important method-
ological advancement by providing sets of solutions rather than a single optimal solution,
allowing decision-makers to evaluate trade-offs among different objectives in hydrogen
infrastructure planning.

Almansoori and Shah [30] addressed long-term uncertainty in hydrogen demand
through a scenario-based, multi-stage, stochastic MILP framework. Their model integrated
decisions on production, storage, distribution, and fueling-station location, comparing cen-
tralized production facilities with local production options. Nunes et al. [31] also adopted
a two-stage stochastic programming approach to analyze liquid hydrogen supply chain
configurations under demand uncertainty, showing that stochastic modeling yields more
robust infrastructure designs than deterministic approaches. Dayhim et al. [32] incorpo-
rated demand uncertainty into a two-stage stochastic MILP model that simultaneously
considered cost, emissions, energy consumption, and risk. Their results suggested that
SMR offers cost advantages in early stages, while the gradual integration of electrolysis
technologies reduces unit costs as demand increases.

A limited number of hydrogen supply chain design models explicitly integrated
policy instruments. Almansoori and Betancourt-Torcat [33] analyzed the effects of the two
primary policy instruments, namely a carbon tax and an emissions target, and of CCS
technology on costs and emissions during hydrogen supply chain design. The emission
factors from the production and distribution stages were treated as constraints. The study
emphasizes that setting specific emission targets is a far more cost-effective strategy for
policymakers than direct taxation. Similarly, Talebian et al. [34] directly integrated various
policy instruments, such as production tax credits and capital incentives, into the design
of the hydrogen supply chain to evaluate their effectiveness. The study found that the
timing and gradual implementation of incentive policies play a more decisive role than
the total subsidy amount. However, achieving these policy targets requires a reality check
on the scale of investment. Analysis of energy transition scenarios in Colombia highlights
a potential investment gap, in which a rapid energy transition may cost up to four to
eight times more than official projections [35]. This underscores the necessity for more
realistic and robust transition pathways. Although these studies demonstrate that policy
instruments such as carbon taxes, emissions targets, and incentive mechanisms can directly
influence hydrogen supply chain decisions, analyses of the long-term and cumulative
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effects of these instruments within a dynamic, multi-period framework remain limited in
the literature.

In Ttirkiye, national-scale network design studies have provided important method-
ological contributions. Giiler et al. [36] developed a model covering the period from 2021
to 2050, optimizing facility location and capacity expansion decisions to minimize total
investment and operational costs. The results demonstrated that the network structure
evolves from a centralized configuration toward a more distributed system as demand
increases. However, the authors did not integrate the carbon emissions and renewable
energy adoption as explicit objectives or constraints. Erdogan et al. [37] proposed a single-
period multi-objective MILP model for hydrogen-fuel-cell vehicle infrastructure in Ttirkiye,
simultaneously minimizing cost, carbon emissions, and safety risks. Another long-term
planning study proposed an optimization-based pathway for hydrogen infrastructure
for the adoption of fuel-cell heavy-duty trucks in China, considering emission targets as
constraints across alternative scenarios [38].

The literature review shows that although existing studies provide a methodological
foundation for hydrogen infrastructure planning, there remains room for more comprehen-
sive and dynamic frameworks to evaluate policy-sensitive, long-term transition strategies
at the country level. This need is particularly evident in the heavy-duty transportation
sector, where high demand intensity and long investment cycles require precise policy
integration. In this context, Tiirkiye is selected as a representative case study for emerging
economies characterized by a ‘dual-constraint” energy landscape. As a signatory to the
Paris Agreement with a 2053 net-zero target, Tiirkiye must navigate the challenge of de-
carbonizing its freight sector while managing a significant existing reliance on fossil fuels.
By integrating hydrogen supply chain decisions with carbon-related policy instruments in
this specific environment, our study seeks to provide a scalable model for how developing
nations can balance climate obligations with economic and practical feasibility.

3. Methodology

This study designs the long-term configuration of a hydrogen supply chain to support
the transition to hydrogen-fuel-cell vehicles in the heavy-duty road freight transportation
sector. The proposed methodology is formulated as a multi-period, bi-objective mixed-
integer linear programming (MILP) model. This framework jointly evaluates the infrastruc-
ture and operational decisions for hydrogen production, storage, and transportation under
evolving demand and policy conditions. Two main objectives guide this decision problem.
Minimizing the total cost of the hydrogen supply chain is the first objective. On the other
hand, minimizing total carbon emissions from production, storage, and transportation
is the second objective. Policy instruments such as carbon taxes influence the balance
between these two objectives over time and reshape the feasible solution space. In this
respect, the proposed multi-period, bi-objective decision model examines how the trade-off
between cost and emissions objectives evolves and how supply chain structures change
under different carbon tax scenarios.

The developed optimization model builds upon the widely used, multi-period hy-
drogen supply chain model of Almansoori and Shah [22]. This original model has a
single-objective structure that minimizes the average total daily system cost. Our study
extended the model defined in [22] to explicitly represent the environmental dimension by
integrating a second objective function that minimizes carbon dioxide emissions, thereby
transforming it into a bi-objective framework. In this way, the decision process is not
limited to identifying the lowest-cost solution but also allows analysis of how the trade-off
between cost and emissions objectives changes under different policy conditions. While the
current model prioritizes a pure hydrogen supply chain tailored to heavy-duty road freight,
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the framework’s structural design is intended to be robust and adaptable. It maintains
the potential to incorporate more complex cross-sectoral coupling paradigms, such as the
‘electro-hydrogen—-ammonia’ synergistic models proposed by Zhou et al. [39]. Integrating
such multi-energy-flow synergies into the multi-period optimization could further enhance
the model’s practicality by evaluating ammonia as a high-density carrier or alternative
fuel, thereby potentially mitigating trade-offs between economic and environmental ob-
jectives amid aggressive policy shifts. Figure 1 presents the general framework of the
methodological steps followed in this study.
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Figure 1. Methodological framework of the study.

The Methodology starts with the collection of historical data on the number of heavy-
duty vehicles for the cities considered. Based on this data, the methodology forecasts the
number of vehicles over the planning horizon. This step is called “demand forecasting”.
The planning horizon is divided into five strategic periods (t1 to t5), each representing
a five-year interval. These periods are defined to align with the key phases of Tiirkiye’s
hydrogen transition [12]:

e 11 (2026-2030): Represents the initial integration phase, focusing on the national target

of 2 GW electrolyzer capacity by 2030.

o 24 (2031-2045): Covers the infrastructure expansion and industrial scale-up periods.

e  t5(2046-2050): Represents the final transition phase analyzed in this study, aligning
with the strategic pathway toward the 2053 Net-Zero emission milestone.

e  The following subsections explain the steps of the methodology.
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3.1. Demand Forecasting

Hydrogen demand is estimated based on the number of heavy-duty vehicles oper-
ating in the freight transportation sector. First, data on the total number of heavy-duty
vehicles in Tiirkiye and their average annual mileage are obtained from official statistics
published by the Turkish Statistical Institute (TUIK). Relying on these historical data, the
Gray Forecasting method provides projections of the vehicle fleet through 2050, given their
limited and uncertain nature. Using the projected number of vehicles, hydrogen demand
for each cluster and period is calculated according to Equation (1). The estimation incor-
porates annual driving distance per vehicle, hydrogen consumption per kilometer, and
the penetration rate of hydrogen-powered vehicles in the corresponding period, consistent
with the assumptions adopted in previous studies [22,36,40].

Dy = ENVy x ATD x AFC x PR (1)

In this equation, the annual hydrogen demand in cluster ¢ during period ¢ (Dq,)
is calculated based on the total number of vehicles expected to operate in the relevant
cluster and period (EN V), the average annual driving distance per vehicle (ATD), and
the hydrogen consumption per kilometer (AFC). The diffusion level of hydrogen-fuel-cell
vehicles in the corresponding period is incorporated into the model through the period-
specific penetration rate (PR;). By jointly accounting for these components, hydrogen
demand is treated as an exogenous input for each cluster and period and must be fully
satisfied. The specific definitions, indices, and units for all parameters and variables associated
with the demand estimation are explicitly detailed in Appendix A (Tables A1-A5).

3.2. Development of the Bi-Objective Hydrogen Supply Chain Model

The developed model conceptualizes the hydrogen supply chain as an integrated
system that encompasses the entire process from production to final delivery at demand
nodes and jointly optimizes production, storage, and transportation decisions. Owing to
its multi-period, bi-objective MILP structure, the model determines in each period:

facility establishment decisions;
production quantities;
storage infrastructure installations;

inter-cluster transportation flows

simultaneously. Hydrogen demand is treated as exogenous for each cluster and
period, and full demand satisfaction is enforced in every period. The physical flow of
the hydrogen supply chain begins with primary energy sources and extends through
production, transportation, and storage stages. Carbon dioxide emissions arising from
these stages are internalized through a carbon tax mechanism and incorporated into the
total system cost.

Formally, the bi-objective hydrogen supply chain model is developed based on the
model of Almansoori and Shah [22] by incorporating an environmental objective and
additional constraints, as explained below. To ensure a clear mathematical representation,
the model’s constraints are categorized into six functional groups: (1) demand constraints,
(2) primary energy source constraints, (3) production plant constraints, (4) storage facility
constraints, (5) transportation constraints, and (6) time evolution constraints. To provide
full transparency without densifying the main text, the complete nomenclature—including
sets, indices, parameters, and the explicit classification of decision variables as continuous,
integer, or binary—is detailed in Appendix A (Tables A1-A5).

In the model, environmental performance is addressed at the system level, encompass-
ing all major stages of the hydrogen supply chain. Total carbon emissions are defined as
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the aggregate of emissions arising from production, storage, and transportation activities.
This approach enables a comprehensive assessment of the environmental implications of
supply chain decisions across the entire system.

Production emissions in each period are calculated based on the amount of hydrogen
produced in each cluster and period (Ppj;), together with the emission coefficients asso-
ciated with the primary energy sources used, as shown in Equation (2). Storage-related
emissions in each period are determined by the number of storage facilities installed in the
relevant period and region (NS;;.t) together with the emission coefficients specific to each
storage technology (Equation (3)). Transportation emissions in each period are computed
using the number of transport units operating between clusters (NTU, ), the distance
between clusters (AD,), and the emission coefficients corresponding to transportation
processes (Equation (4)). The sum of these three components constitutes the objective
function representing environmental performance in the model, namely, total carbon diox-
ide emission, as presented in Equation (5). When building the optimization model, the
economic objective, the environmental objective, and the constraints expressed in [22]
are all included. Hence, the model minimizes the total daily supply chain cost and total
emissions. The specific definitions and indices for all parameters and variables mentioned
above are provided in the comprehensive nomenclature in Appendix A (Tables A1-A5) to
ensure the clarity and reproducibility of the mathematical structure. To build the entire
model, the techno-economic data must be collected, as shown in Figure 1.

EMi =), .. PrigtVepiEp V1, )

ESt =Y, NSsjgiEs Vt, 3)

ETi= ) NTUjEiADyy Vi, 4)
9.8 i

Minimize) (EM; + ET; + ES;) (5)
t

3.3. Development of Alternative Carbon Tax Scenarios

To examine the impact of carbon pricing on hydrogen supply chain decisions, this
study defines three distinct carbon tax scenarios. The carbon tax levels are determined
based on the study named Climate Mitigation Policy in Ttirkiye, developed by Parry
et al. [41]. Tax levels are specified for each period in alignment with the model’s five-period
time structure. In Scenario 1, the carbon tax is zero for all periods. Scenario 2 introduces
a moderate tax structure that increases gradually over time. Scenario 3 follows a more
aggressive approach, characterized by a faster and higher escalation of carbon tax levels.
The case study section presents the numerical values associated with the scenarios.

3.4. Scenarios Bi-Objective Model Solution Methodology

The model has two objective functions. The economic objective seeks to minimize
the total daily system cost, while the environmental objective aims to minimize the total
daily CO; emissions. The resulting bi-objective problem is solved using the AUGMECON2
method. This method is preferred over classical weighted-sum approaches to avoid the
subjective scaling of economic and environmental objectives. Unlike simultaneous weight-
ing, this approach ensures that all points on the Pareto-optimal front are identified with
mathematical rigor, providing a more transparent and comprehensive trade-off analysis for
policy makers. Within this framework, cost is treated as the primary objective function to
be minimized, whereas emissions are incorporated into the model as a constraint through

https:/ /doi.org/10.3390/ cleantechnol8030085


https://doi.org/10.3390/cleantechnol8030085

Clean Technol. 2026, 8, 85

11 of 36

the ¢ parameter. By systematically varying the value of ¢, the second objective value,
Pareto-optimal solution sets are generated for each carbon tax scenario.

The AUGMECON?2 method, developed by Mavrotas and Florios [42], is designed to
generate the exact Pareto set for bi-objective decision-making problems. This approach
incorporates structural enhancements designed to minimize the risk of producing weak
Pareto solutions and to address the high computational costs often associated with the
traditional constraint method. In implementing this method, the primary objective function
(f1) is minimized, while the remaining objectives (f2,...,fy) are incorporated into the model
as specific constraints. Within this framework, the fundamental mathematical structure of
AUGMECON? is as follows:

" (fl () eps (SZ +107 0y 1070 S”) ) 6)

f2,max - f2,min f3,max - f3,min fp,max - fp,min
Subject to:
fk(x)+5k=fk,nzin+ik(W>, k=2,...,p 7)

x €F,SeRT

Here, fi(x) represents the kth objective function of a p-objective model. In contrast, Sy
denotes the surplus variables associated with the constrained objectives. The term eps is a
sufficiently small coefficient, typically chosen between 10~° and 10~3, utilized to ensure
lexicographical optimization. The values fi ;5 and fi i, correspond to the maximum and
minimum values obtained from the payoff table for the respective objective functions. The
range of change for a given objective (1 = fi max — fimin) is divided into g; equal intervals
and i (ix =0,1,..., gx) serves as the interval counter for the current grid point. The details
of the method are available in Mavrotas and Florios [42].

3.5. Trade-Off Analysis

After solving the model for the three scenarios using the AUGMECON?2 Algorithm,
several Pareto Optimal solutions are obtained. For an ultimate decision, a trade-off analysis
is essential. During this analysis, one should assess the marginal improvement in the
environmental objective at the expense of the economic objective. Additionally, the impact
of the three carbon tax scenarios on supply chain development decisions over the planning
horizon is analyzed extensively and compared to assess the effects of different carbon
tax policies.

4. Case Study of the Proposed Model for Tiirkiye

This section presents a case study on the decarbonization of Turkish heavy-duty trans-
portation based on fuel-cell vehicles for the years 2026-2050. For this purpose, the proposed
bi-objective model is solved using parameters for heavy-duty vehicle number forecasts,
expected hydrogen demand, all emission sources, cost components, and three levels of
carbon taxes. The following subsections explain in detail the spatial aggregation of cities
into clusters, data sources and assumptions, carbon tax scenarios, and penetration rates.

4.1. Spatial Aggregation and Distance Structure

The 81 provinces of Tiirkiye are grouped to achieve a more balanced spatial structure
for the analysis of heavy-duty freight transportation. Provinces whose share of the national
heavy-duty vehicle fleet is below 1% are merged with geographically adjacent provinces.
As a result of this process, 28 clusters are defined and illustrated in Figure 2. Table A6 in
the Appendix A presents the details of the clusters.
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Figure 2. Cluster-Based Spatial Aggregation for Heavy-Duty Transport (28 clusters).

The cluster centers are calculated by averaging the latitudes and longitudes of the
provinces included in each cluster. Distances between clusters are computed using the great-
circle distances between their centers. To avoid assuming a zero distance for transportation
within the same cluster, the diagonal elements of the distance matrix are set to intra-cluster
distances. For clusters consisting of multiple provinces, the diagonal distance is set equal to
the maximum great-circle distance between the provinces within that cluster. For clusters
comprising a single province, the relevant province’s approximate urban diameter is used.
The distance matrix is presented in the Appendix A Table A7.

4.2. Data Sources and Assumptions

The dataset used in this study was constructed by combining Ttiirkiye-specific energy,
transportation, and geographical data with techno-economic parameters reported in the
literature. Data on energy supply were compiled from the Energy Market Regulation
Institution (EPDK) [43], the Energy Affairs General Directorate (BEPA) [44], and the Turkish
Coal Enterprises (TKI) [45], covering renewable energy resources, biofuels, natural gas, and
coal potential. Data on heavy-duty vehicle stock and travel distances are obtained from
the Turkish Statistical Institute (TUIK) [46]. The techno-economic parameters used in the
model, including investment and operating costs as well as technology-specific capacity
parameters, are adopted from the study by Almansoori and Shah [22]. Emission factors
and the emission accounting framework are based on the hydrogen supply chain emission
model proposed by Ochoa Bique et al. [47]. Table 1 summarizes the main components of
the dataset and their corresponding sources. Comprehensive technical parameters and
specific numerical values for each category are further detailed in Tables A8-A14 in the
Appendix A. To preserve the computational tractability of the model and to more clearly
isolate the effects of policy scenarios, the following assumptions are adopted:

e Hydrogen demand is treated as exogenous and follows a deterministic growth projec-
tion to provide a baseline for long-term infrastructure planning.

o Technology efficiencies and emission factors are assumed to remain constant
across periods.

e  Great-circle distances represent transportation distances, and the model does not
incorporate a detailed road network structure.

e  Unit production costs are treated as deterministic parameters.

e Alearning rate of 5% per year is applied to account for cost reductions as technology
manufacturers accumulate experience over time.
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Table 1. Primary data categories and sources.

Category Key Parameters Source
Renewable energy, biofuel,
Energy supply natural gas, and EPDK [43], BEPA [44], TKI [45]

coal potentials

Number of heavy-duty
vehicles, annual
driving distance

Hydrogen Fuel Cell Vehicle
(HFCV) penetration rates,
vehicle fuel consumption

Transportation Data TUIK [46]

Almansoori and Shah [22],

Demand Assumptions Almaraz et al. [40], Giiler et al. [36]

Capital and operating cost
parameters, and
capacity constraints

Techno-Economic Data Almansoori and Shah [22]

Emission factors for
production, transportation,
and storage

Emission Data Ochoa Bique et al. [47]

While these assumptions are necessary for a structured long-term analysis, they
involve certain limitations. The deterministic nature of demand and static cost parameters
may not fully capture the high-frequency fluctuations of the Turkish energy market. To
address these limitations, a sensitivity analysis was conducted on unit production costs.
This analysis examines the model’s response to potential economic volatility. It evaluates
how variations in the economic environment influence the optimal configuration and the
resulting cost-emission trade-offs of the hydrogen supply chain.

4.3. Carbon Tax Scenarios and Penetration Rates

The carbon tax levels are determined based on the price benchmarks suggested in
the International Monetary Fund (IMF) report by Parry et al. [41] to align with Tiirkiye’s
2053 net-zero emissions target. The values are specified for each period in alignment with
the model’s five-period structure, reflecting a gradual fiscal transition to avoid sudden
economic shocks. In Scenario 1, the carbon tax is zero for all periods to serve as a baseline.
Scenario 2 introduces a moderate tax structure that increases gradually, reaching the
$75/ton CO, threshold by period 4 as a key decarbonization milestone. Scenario 3 follows
a more aggressive approach, reaching a higher escalation of $150/ton CO; by the final
period to test the network’s resilience under stringent regulations. Table 2 presents the
period-specific values for each scenario.

Table 2. Carbon tax scenarios by period ($/ton CO,).

Periods (Years)

Scenarios t1 t2 t3 t4 t5
(2026-2030) (2031-2035) (2036-2040) (2041-2045) (2046-2050)
S1: No carbon tax 0 0 0 0 0
52: Moderat.e Carbop tax 35 50 65 75 90
(gradually increasing)
53: Aggressive carbon tax 50 75 100 125 150

(rapid and high increase)

Hydrogen-fuel-cell vehicle penetration rates are defined over five periods. They are
assumed to be low, that is, 5% between 2026 and 2030, and increase gradually, and to reach
100% by the end of the planning horizon (t5). Explicitly, the rates are 5%, 20%, 50%, 85%,
and 100% over periods t1 to t5.

https:/ /doi.org/10.3390/ cleantechnol8030085


https://doi.org/10.3390/cleantechnol8030085

Clean Technol. 2026, 8, 85

14 of 36

5. Results and Discussion

In this study, the proposed model was implemented in Python (version 3.11.7) and
solved with the Gurobi Optimizer (version 11.0.1) for the case of Tiirkiye described
above. All computational experiments were conducted on a computer equipped with
a 13th-generation Intel Core i7 processor and 16 GB of random-access memory (RAM).
The proposed MILP model is formulated as a large-scale optimization problem compris-
ing approximately 56,710 total variables (including 16,520 binary variables) and up to
65,250 constraints, depending on the scenario and the AUGMECON?2 iteration. The rep-
resentative Pareto solutions defined in the methodology section, namely the minimum
emission solution, the knee point, and the minimum cost solution, are examined in this
section in terms of system behavior. First, each solution type is evaluated under the three
carbon tax scenarios to analyze infrastructure composition, investment dynamics, technol-
ogy distribution, spatial concentration, and the cost-emission relationship. Subsequently,
the solutions are compared, and the impact of carbon pricing on system outcomes across
different infrastructure architectures is discussed.

A total of 20 Pareto-optimal solutions is obtained for each scenario. The complete
set of Pareto frontiers for all scenarios is shown in Figure A1 (Appendix A). To facilitate
interpretation and comparison, representative solutions corresponding to the extreme
points and the knee region of the Pareto curve are selected for detailed analysis. In this
context, three reference solutions are as follows:

e  The extreme solution representing minimum emissions (A),
e  The knee point reflecting a balanced trade-off between cost and emissions (B),
o  The extreme solution corresponding to the minimum cost (C).

These representative solutions reflect different transition strategies, depending on their
positions within the Pareto solution space and the decision-maker’s preferences. Figure 3
conceptually illustrates the approach used to identify these reference solutions from the
Pareto-optimal solution set. The objective function values across different scenarios are
explained in detail in the following subsections.

Pareto Frontier (Cost vs Emissions)

.A

Cost ($/day)

- ,‘C

Emission (kg/day)

Figure 3. Conceptual illustration of the Pareto-optimal solution space and the selection of representa-
tive extreme and knee-point solutions (A-B-C) for further analysis.
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5.1. Assessment of Point A (Pareto ID = 0)

Pareto ID = 0 solution demonstrates the supply chain structure with the highest cost
and minimum total emissions. The effect of carbon pricing on the Pareto ID = 0 solution
manifests primarily as a gradual shift in the system’s structural transformation towards
hydrogen. In other words, the carbon tax does not serve as a supporting policy for hydrogen
production; rather, it increases the total cost of the supply chain. A comparison across
scenarios indicates that the LCOH increases as carbon prices rise. The LCOH value, which
is 12.36 $/kg Hy in the no tax scenario (S1), increases to 13.41 $/kg H, under the moderate
carbon tax (52) and further to 14.06 $/kg Hy under the aggressive carbon tax (S3), as
shown in Table 3. However, the energy used in the production stage is entirely renewable
electricity, and the use of natural gas, coal, and biomass remains zero across all periods.
This result indicates that the carbon tax policy does not alter the energy mix but only
increases production costs.

Table 3. Key indicators by scenario (Point A, Pareto ID = 0).

Scenario LCOH ($/kg Hy) Energy Used in Production
S1 12.36 100% renewable electricity
52 13.41 100% renewable electricity
53 14.06 100% renewable electricity

Table 4 presents the total system cost and the corresponding carbon tax payments on
a period basis. Given the relatively large scale of total system costs, the tax component
appears to be of limited magnitude relative to the overall cost structure. This is because the
investment costs for a decentralized supply chain of facilities constitute a large share of
total costs, even aggressive carbon taxes (S3 scenario) may not alter this cost breakdown or
the technology choice. In addition, in this decentralized supply chain structure, renewable
energy usage is already at 100%, and adding higher taxes does not contribute; it only
increases the LCOH.

Table 4. Period-wise total system cost and carbon tax rates (ID = 0).

Period Total Cost ($) S1 S2 S3
t1 24,147,628,575 0 0.001% 0.002%
2 69,187,577,665 0 0.003% 0.004%
t3 48,954,927 683 0 0.014% 0.021%
t4 33,584,295,482 0 0.042% 0.070%
t5 13,861,486,258 0 0.155% 0.258%

By evaluating the infrastructure dynamics together, it becomes clear that system
growth is driven not by technological change but by the network’s physical expansion. The
capacity utilization rate of the electrolyzers increases steadily over the periods, rising from
around 10% to approximately 44%, as shown in Figure 4. This increase does not indicate
a shift to a new production technology. Rather shows that the installed infrastructure is
operated more intensively over time.

In the early stages, investments are primarily made for establishing production fa-
cilities. In later periods, storage facilities become more dominant (see Figure 4). The
simultaneous increase in storage investments and capacity utilization suggests that the
system moves from an installation phase to a more mature operational phase.

The spatial distribution of active facilities in the final period indicates that the system
does not converge toward a fully homogeneous configuration, as seen in Figure 5. The
resulting network structure is neither entirely centralized nor fully decentralized. The
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dispersion of relatively small-scale facilities across clusters ensures local accessibility, while
transportation flows occur along a limited number of corridors. Accordingly, production
is organized in a distributed manner, whereas logistics exhibits a partially centralized
structure. The transportation structure is single-mode. The total amount of hydrogen trans-
ported within the system is 489,081.57 kg, carried entirely by rail, with no road transport.
All flows occur exclusively from cluster 5 to cluster 22, and no other transportation corridor

becomes active.
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Figure 4. Temporal evolution of production and storage investments together with electrolyzer
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Figure 5. Ranked distribution of active electrolyzer plants by cluster in the final period (t5).

These findings indicate that in the ID = 0 solution, carbon pricing does not change the
system structure but only increases the cost level. The energy mix, technology distribution,
emission pathway, and infrastructure configuration remain unchanged. In this solution,
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the carbon price does not alter technology selection; instead, it creates economic pressure
that affects the overall cost level and the intensity of system operation.

5.2. Assessment of Point B (Pareto ID =1)

The Point B (ID = 1) solution represents a significant decrease in total cost compared to
that of the Point A, at the expense of a relatively small emission increase, as seen in Figure 3.
This solution exhibits a system response that preserves the overall infrastructure structure
under carbon pricing, while accommodating limited spatial reallocation of capacity.

A comparison across scenarios shows that total system cost increases from 44.65 million
in S1, 53.90 million in S2, to 60.14 million in S3, while the LCOH rises from 6.09 in S1,
7.191in S2, to 7.88 $/kg Hj in S3. In contrast, emission levels remain approximately constant
at 120.7 million kg CO, across all scenarios. This pattern indicates that the observed cost
increase stems from the additional carbon pricing burden, which does not alter the ranking
of production technologies. An examination of the period-specific investment profiles
reveals that periods t3 and t4 constitute the peak investment phases across all scenarios, as
shown in Figure 6. Storage investments remain identical across scenarios, following the
sequence 36-36-74-93-71 new storage facilities over five periods. Despite minor differences
in production facility investments, the overall expansion pattern remains unchanged.

Investment curve across periods (ID=1, S1)

Investment curve across periods (ID=1, S2)
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Figure 6. Period-wise number of newly installed production and storage facilities and their total for
ID =1 under S1-S3 scenarios: (a) Scenario S1; (b) Scenario S2; (¢) Scenario S3.

The production technology selection indicates that electrolysis is the dominant pro-
duction component in the hybrid configuration. No new SMR investments occur during
periods t2-t4, while SMR facilities are installed only in limited numbers in the initial and
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final periods. Figure 7 illustrates these results. Despite rising carbon tax levels, the system’s
backbone technology remains unchanged. Accordingly, the stability of the overall emission
level across scenarios is to be expected.
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Figure 7. Technology composition of newly installed production facilities for ID = 1 across
periods (t1-t5) under S1-S3 scenarios: (a) Scenario S1; (b) Scenario S2; (c) Scenario S3.

When the spatial distribution is examined, within the widespread electrolysis network,
certain nodes are preferred. In period t5, medium-scale electrolysis facilities concentrate in
specific clusters. However, this concentration is reallocated across scenarios toward nodes
that provide relative cost advantages (see Figure 8). Capacity decreases in some nodes
while increasing in others, yet the overall distribution pattern is preserved.

Cluster-level comparison of active electrolysis plants at t5 (ID=1)

Active Electrolysis (Medium) plants at t5

LN
- S2
- S3

11
4

" © ~ © ) °
B = ] 2 = &
Cluster

- N
~ ~

Figure 8. Cluster-level comparison of active medium-scale electrolysis facilities at period t5 for ID =1
under S1-53 scenarios.

This pattern becomes more apparent when cluster-level differences are examined. A
rebalancing of capacity across specific nodes is observed among the scenarios. Figure 9
shows the change in the number of plants between scenario pairs of S1 and 52, as well as
52 and S3. For instance, compared with S1, Scenario S2 exhibits a reduction in capacity in
cluster 1, accompanied by increases in clusters 5 and 20.

Similarly, Scenario S3 yields limited increases at some nodes and decreases at others,
compared to S1. These variations indicate that capacity is locally reallocated across clusters,
while the overall structural configuration of the system remains largely unchanged. Simi-
larly, SMR facilities exhibit changes in active locations across scenarios only in a limited
number of nodes (See Table 5).

https://doi.org/10.3390/ cleantechnol8030085


https://doi.org/10.3390/cleantechnol8030085

Clean Technol. 2026, 8, 85

19 of 36

Scenario-driven shifts in electrolysis (Medium) at t5 (ID=1)
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Figure 9. Spatial changes in medium-scale electrolysis installations between scenarios at period t5 for
ID=1.

Table 5. Active SMR plants in period t5 (Point B, Pareto ID = 1).

Scenario Cluster Size Number of Active Plants
S1 01 Large 2
16 Small 1
25 Small 1
S2 01 Large 1
20 Large 1
16 Small 1
25 Small 1
S3 01 Large 1
25 Large 1

By evaluating all findings together, we may conclude that the carbon price in this
Pareto solution does not reach a threshold level that would change the ranking of tech-
nologies. The system responds to carbon pricing by reallocating capacity spatially rather
than through a technological shift. While the emission level remains stable, total cost
and LCOH increase, and the infrastructure and production backbone remain unchanged.
This is because, in the hybrid supply chain infrastructure, renewable energy is heavily
utilized across all scenarios, and a higher carbon tax does not further reduce total emissions.
Therefore, this solution shows that under this structure, carbon pricing leads to higher
costs rather than emission reduction. The system adapts through spatial marginal-cost
optimization rather than technology substitution. This outcome is mainly due to the rela-
tively low-carbon production mix, which prevents the carbon price from altering marginal
technology preferences.

A quantitative comparison of the cost-emission trade-offs across scenarios confirms
the system’s rigidity. In a hybrid configuration that heavily utilizes renewable energy
resources, moving from Scenario S1 (No Tax) to S3 (Aggressive Tax) increases the LCOH by
29.06% (from 6.09 to 7.86 $/kg Hy). Despite this significant economic burden, emissions
remain nearly constant at approximately 120.7 million kg of CO,. This numerical evidence
indicates that the system absorbs the carbon tax as a cost penalty rather than responding
with a structural technological shift.

5.3. Assessment of Point C (Pareto ID = 19)

The centralized solution (ID = 19) exhibits a hub-and-spoke configuration, with produc-
tion concentrated in a limited number of nodes and distributed across a broad geographic
area. This structure is reflected in the modal distribution of transportation across scenarios:
approximately 89-91% of total hydrogen is transported by rail, while only 9-11% is carried
by truck, as presented in Table 6. The dominance of rail transport and the distribution
of flows from a few central nodes to many destinations indicate that the system does not
establish a local production-local consumption match. Instead, it relies on centralized
production with large-scale distribution.
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Table 6. Transportation mode shares.

Scenario Truck (%) Rail (%)
S1 9.44 90.56
S2 10.76 89.24
S3 10.27 89.73

When the spatial, cluster-based distribution of SMR and electrolysis facilities in the
final period is evaluated jointly, production capacity is concentrated in a limited number
of central nodes. SMR plants are concentrated in only a few clusters, where high-capacity
units form the network’s main production backbone. Although electrolysis facilities are
dispersed across a wider geographic area, they remain relatively few in most clusters.
This configuration indicates that, within a structure in which the centralized backbone
is preserved, electrolysis primarily serves a complementary role. However, with the
introduction of carbon pricing, electrolysis becomes a more visible production component
in certain regions. Figure 10 illustrates these results.
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Figure 10. Distribution of active production facilities by cluster, technology, and size in the final
period (t5) under S1-S3 scenarios (ID = 19): (a) Scenario S1; (b) Scenario S2; (c) Scenario S3.

The composition of total energy inputs varies significantly across scenarios. In the
no-tax case (S1), nearly the entire system’s energy demand depends on natural gas (NG),
while the share of renewable electricity remains at approximately 2%, as shown in Table 7.
Under the carbon pricing scenarios 52 and S3, however, the energy mix undergoes a
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substantial transformation, with natural gas and renewable electricity converging toward an
approximately equal share. Notably, the results for S2 and S3 are very similar. This outcome
suggests that once the carbon price exceeds a certain threshold, the major substitution in
the energy mix has already occurred, and further increases in the carbon price generate
only limited marginal effects on the overall composition.

Table 7. Cumulative energy consumption shares by energy sources across the planning horizon
under different carbon tax scenarios.

Scenario NG (%) Electricity (%) Total
S1 97.96 2.04 100
S2 53.03 46.97 100
S3 53.06 46.94 100

Although the distribution of installed capacity remains largely stable across scenarios,
the system response emerges primarily at the operational level. SMR facilities continue
to operate at high-capacity utilization across all scenarios, whereas the utilization rate
of electrolysis facilities increases markedly with the introduction of carbon pricing. This
pattern indicates that the system adapts to the carbon constraint not through extensive
deployment of new technologies, but rather by adjusting the operational intensity of
existing facilities. Figure 11 illustrates these results.

100

80

60

Utilization (%)

40

20

Figure 11. Newly installed production capacity by technology (stacked bars) and capacity utilization
rates (lines) across periods (t1-t5) for the centralized configuration (ID = 19) under S1-S3 scenar-
ios: (a) Scenario S1; (b) Scenario S2; (c) Scenario S3. Blue represents the electrolyzer and orange
represents SMR.

Across the scenarios, the LCOH values are realized as 2.06, 4.30, and 5.53 $/kg Hj,
respectively. Although the energy mix remains almost unchanged from S2 to S3, the
continued increase in cost indicates that a more aggressive carbon price is directly reflected
in operating costs. When the three solution types are evaluated jointly, it becomes evident
that the impact of carbon tax scenarios on system behavior varies significantly with the
selected infrastructure architecture, as seen in Table 8. Renewable energy shares are the
ultimate values at the end of the last period.

Considering all findings together, it becomes clear that carbon pricing does not fully
restructure the topology of the centralized network. However, it significantly transforms
the system’s operating regime. While the core production nodes and the distribution of
transport modes remain largely stable, the composition of energy inputs for production
and the balance between electrolysis and SMR utilization change meaningfully. In this
framework, the system does not build an entirely new infrastructure. Instead, it adjusts
the operating levels of existing facilities and makes limited updates in capacity compo-
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sition in certain nodes to comply with the carbon tax changes. The LCOH value reflects
this transformation.

Table 8. Comparative summary of the three solution types across scenarios.

. Renewable LCOH .
Scenario Energy Share (%) (8/kg Hy) Cost ($) Emission (kg)

Decentralized S1 100.00 12.36 80,383,730 115,152,429
configuration (ID = 0) S2 100.00 13.41 96,608,922 115,152,429
& - S3 100.00 14.06 85,429,457 115,152,429
Hvbrid confieuration S1 99.69 6.09 44,647,720 120,712,595
(Ig - 1) & S2 99.69 7.19 53,904,975 120,714,858
- S3 99.69 7.86 60,135,884 120,715,297
Centralized S1 2.05 2.06 14,925,342 226,355,754
configuration (ID = 19) S2 46.98 4.32 33,594,012 220,838,579
J - S3 46.96 5.52 44,344,635 220,846,932

5.4. Sensitivity Analysis

In this section, we examine how the proposed hydrogen infrastructure configuration
responds to key shifts in the economic, environmental, and policy constraints. Given the
long-term planning horizon extending to 2053, certain trends—such as the maturation of
electrolyzers and associated energy storage systems—are expected to significantly reduce
initial capital expenditures (CAPEX). While these technological learning effects exert a
predictable downward pressure on costs, the focus of this analysis is shifted toward more
dynamic variables to assess the system’s resilience under operational stress.

A £20% variation was applied specifically to the Unit Production Cost (UPC) of
hydrogen from electrolyzer units. Since electricity prices and operational expenses are
the primary drivers of green hydrogen, varying the UPC serves as a strategic proxy for
assessing the impact of electricity market volatility on the most sensitive part of the supply
chain. This analysis, conducted under the aggressive carbon tax scenario (S3), evaluates
the resulting trade-offs summarized in Table 9.

Table 9. Sensitivity of system performance and LCOH to electrolyzer unit production cost
(UPC) variations.

Scenario Variable —20% UPC Base Case +20% UPC
System Cost ($) 94,793,804 85,429,457 100,566,797
B . Emission (kg CO;) 115,152,429 115,152,429 115,152,429
ID =0 (Point A) LCOH ($/kg Hy) 13.10 14.06 15.02
Primary Production Method Electrolysis Electrolysis Electrolysis
System Cost ($) 53,492,228 60,135,884 66,334,118
B . Emission (kg CO;) 120,714,384 120,715,297 120,714,399
ID =1 (Point B) LCOH ($/kg Hy) 7.01 7.86 8.68
Primary Production Method Electrolysis and SMR Electrolysis and SMR Electrolysis and SMR
System Cost ($) 43,606,201 44,344,635 44,906,829
B . Emission (kg CO5) 226,391,518 220,846,932 220,829,872
ID =19 (Point C) LCOH ($/kg Hy) 5.40 5.52 5.58
Primary Production Method Electrolysis and SMR Electrolysis and SMR Electrolysis and SMR

The most significant finding of this analysis is the network’s structural and environ-
mental invariance. The results demonstrate that fluctuations in UPC of hydrogen from
the electrolyzer do not trigger a reconfiguration of the network topology or a shift in the
primary technology selection for any of the evaluated Pareto solutions (ID 0, 1, and 19).
Furthermore, emission levels remain highly resilient to these cost shifts. This indicates
that the network’s architecture and environmental performance are governed by stringent
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emission targets and long-term policy constraints rather than marginal price volatility. In
this context, UPC changes are reflected almost exclusively as numerical adjustments in the
LCOH rather than as changes in the physical system.

The degree of economic sensitivity, however, depends heavily on the strategic orienta-
tion of each Pareto point. The cost-oriented extremity (ID 19) exhibits remarkable economic
resilience, with the LCOH rising only marginally from 5.52 $/kg to 5.58 $/kg despite a 20%
increase in electrolysis costs. This stability is due to hydrogen production in ID 19 already
being heavily dominated by SMR-based pathways. Since the model naturally prioritizes
the more cost-effective SMR method in this solution, changes to the electrolysis UPC have a
negligible impact on the LCOH. Conversely, for the environmentally centric solution (ID 0),
where electrolysis is the sole production method, the UPC variation is directly absorbed
into the LCOH, thereby shifting it from 13.10 $/kg to 15.02 $/kg. Even under significant
cost pressure, the system maintains its environmental integrity by accepting a higher unit
cost rather than reverting to cheaper, high-emission alternatives. As a result, the analysis
demonstrates the structural robustness of the network under the Aggressive carbon tax
scenario (S3), where the fundamental infrastructure and environmental targets remain
robust despite significant unit production cost changes.

To determine the specific threshold at which the network topology changes, we
executed a boundary-condition test. While the spatial layout does not change under
standard 4+20% cost fluctuations, a 60% reduction in both electrolyzer unit production
costs (UPC) and electrolyzer facility capital investment costs (FCC) changes the network
configuration. Mathematically, this 60% drop eliminates the cost gap between renewable
and fossil fuel options. Because the model naturally seeks to minimize emissions but is
constrained by high base-case costs, reducing these costs enables the system to prioritize
environmental goals without incurring a major financial penalty. As a result, the low
emission targets that previously required high expenditures in the base case ($85.43 million
at Point A) are now achieved at a significantly lower system cost of approximately $35.01
million across all Pareto points, resulting in significant cost savings compared to the baseline
results presented under the S3 scenario in Table 8. The physical network restructures based
on these economic alternatives. In the environmentally centric solution (Point A), natural
gas consumption drops to zero, and the system selects a layout using Small electrolyzers.
In the balanced and cost-oriented steps (Points B and C), the solutions converge. Here, the
model shifts toward a configuration with Medium electrolyzers, utilizing the green capacity
near its operational limit while restricting SMR to a single marginal unit at Cluster 18. This
test proves that a 60% cost reduction is the exact threshold required to align the cost and
emission objectives, bringing the overall LCOH boundaries down to $4.46-7.64/kg H2.

This sensitivity analysis also helps validate the economic necessity of TES integration
by quantifying the risks associated with fluctuations in renewable energy output. In this
context, the baseline scenario reflects an infrastructure operating without TES support,
where fluctuations in renewables cause continuous efficiency losses and intermittent op-
erational penalties, leading to higher LCOH values within each configuration (Table 9).
Conversely, the —20% UPC scenario represents a fully integrated TES configuration that
mitigates these fluctuations and ensures continuous, high-efficiency operation at the tar-
geted design points. The comparison between these two operational states along the Pareto
front demonstrates that TES integration reduces LCOH, thereby empirically justifying its
necessity for maintaining grid stability and cost efficiency.

5.5. Discussion

The results indicate that carbon taxation does not produce a consistent linear response
in the hydrogen supply chain. The system’s response to increased tax levels varies with the
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initial network structure and production organization, while spatial location decisions are
largely unaffected by carbon pricing. Instead, factors like the geographic distribution of
resources and existing logistics infrastructure primarily shape production facility locations.
Higher carbon taxes do not significantly change this spatial pattern. This observed spatial
rigidity indicates that geographic resource availability and logistical proximity act as
stronger drivers than fiscal penalties in the Turkish hydrogen context.

To evaluate the external validity of these findings, the structural behavior can be
contextualized alongside peer emerging economies such as Mexico and Indonesia, which
operate under highly comparable energy infrastructure constraints. Official global energy
benchmarks indicate that both nations are actively managing the challenge of increasing
renewable energy penetration in their power grids while maintaining a heavy near-term
reliance on carbon-intensive fossil fuel baseloads [48,49]. For instance, Tiirkiye’s current
grid profile, characterized by a renewable energy penetration rate of approximately 43.4%,
positions it dynamically alongside Mexico’s natural-gas-dominated infrastructure. Based
on 2024 data, fossil fuels account for 76.9% of electricity generation in Mexico, positioning
its infrastructure under significant decarbonization pressures [48]. Similarly, this profile
shares structural benchmarks with Indonesia’s coal-dominated electricity sector, which
relied on fossil fuels for 82% of its power while keeping renewable penetration at 18% [49].
Alongside these grid constraints, peer nations share highly similar logistics vulnerabilities in
transportation carbon-emission intensity. National decarbonization assessments for Mexico
indicate that heavy-duty road transport remains the dominant mode of freight transport,
accounting for 70% of all freight ton-kilometers traveled [50]. This heavy reliance makes
road transport a disproportionate contributor to national emissions: the transport sector is
the country’s largest source of greenhouse gases at 23%, with road freight accounting for
approximately 40% of total transport CO, emissions. Such assessments clearly demonstrate
that isolated fiscal penalties, such as removing fossil fuel subsidies, prove insufficient
without phased infrastructure integration through the ‘Avoid-Shift-Improve’ framework,
which targets an 86% reduction in sectoral emissions by 2050. These interconnected energy
mixes and logistics profiles create identical system-level trade-offs regarding technology
selection and capacity expansion when integrating green hydrogen facilities. Thus, the
multi-period optimization framework and tiered carbon tax strategies developed in this
study provide strategic insights. The infrastructure responses and LCOH sensitivities
mapped out under varying economic trajectories can therefore serve as transferable strategic
benchmarks for energy and transport planners in developing countries such as Indonesia
and Mexico, where balancing clean technology adoption with long-term infrastructure
planning is essential.

The impact of a carbon tax is more pronounced in production technology; as taxes rise,
some technologies see decreased use, while others are adopted later in the planning horizon,
especially in the centralized configurations. This suggests that carbon tax influences
production choices rather than acting solely as a prohibitive tool. Solutions initially reliant
on fossil fuels show more adjustment in energy mix, while those with a high share of
renewables mainly face cost changes rather than structural changes.

The technological rigidity observed in decentralized configurations can be attributed to
the dominance of capital expenditures (CAPEX). Since electrolyzers and renewable energy
assets require high initial investments, the total system cost is heavily front-loaded. Carbon
taxes, acting as operational cost (OPEX) signals, remain insufficient to offset these ‘sunk
costs’ or to justify the decommissioning of existing high-CAPEX infrastructure in favor
of alternative technologies. Therefore, the system remains locked into its initial optimal
configuration, in which the tax primarily increases the LCOH rather than catalyzing an
environmental transition.
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Based on these observations, a tiered carbon tax scheme (phased approach) appears
more suitable for Tiirkiye’s national industrial conditions than a static radical tax. By
implementing a phased approach, Tiirkiye can avoid the formation of ‘green barriers” where
high costs hinder the transition before infrastructure reaches maturity. Such a strategy
would support SMR with Carbon Capture and Storage (CCS) as a vital bridge technology in
the short- to medium-term, protecting industrial competitiveness while the green hydrogen
network scales up. Aligning tax escalation with infrastructure readiness, rather than
adopting a one-size-fits-all model, can prevent the prohibitive economic shocks observed
in early European experiences and ensure a more resilient decarbonization pathway.

Investment timing is also crucial; higher taxes lead to more cautious early reactions
and adjustments to align investments with demand growth. Cost and capacity utilization
can vary significantly depending on when investments are made, reflecting the hydrogen
supply chain’s temporal sensitivity to fiscal policy changes.

One of the primary technical hurdles in optimizing these investments, especially
within the Turkish power grid, is the inherent volatility of renewable energy. Since the
grid still relies heavily on fossil fuels, the fluctuating nature of renewables can compromise
electrolyzer efficiency and lead to higher LCOH. To address this, integrating thermal
energy storage (TES) emerges as a strategic stability solution. As highlighted by Jia et al. [5],
TES can smooth out output fluctuations, thereby enhancing the economics of hydrogen
production by ensuring more stable operating conditions for electrolyzers. Additionally,
emissions from storage processes remain dominant across scenarios, hindering overall
reductions in carbon intensity, even if production emissions decrease. This emphasizes that
post-production stages significantly impact both costs and carbon intensity, limiting the
effectiveness of carbon taxes on improving environmental performance unless all chain
components are addressed.

5.6. Managerial Implications
According to the model results, the following managerial implications are proposed:

e In decentralized configurations characterized by a high share of renewables that
minimize emissions, the carbon tax does not alter the technology composition. Still,
it increases total costs and LCOH without additional environmental gains. So, un-
der such conditions, aggressive carbon taxes are not suggested. To mitigate these
rising costs and improve economic viability, managers and policy-makers should
prioritize supporting stability-enhancing technologies such as TES. By smoothing
out the inherent volatility of renewable energy, TES allows electrolyzers to operate
at higher capacity utilization rates. This stabilization directly reduces LCOH, pro-
viding a crucial buffer against the financial pressures of carbon pricing during green
hydrogen transitions.

e In hybrid structures, where the cost objective is more prioritized than decentralized
structures, the carbon tax does not fundamentally transform the infrastructure, yet it
influences the timing of investments. This finding underscores the indirect effects of
carbon taxation on investment behavior.

e  The centralized architecture, minimizing cost, exhibits comparatively higher policy
sensitivity. In scenarios with moderate carbon taxes, significant shifts in energy
composition occur, enhancing the system’s environmental performance. However,
aggressive carbon taxes do not always lead to additional emission reduction. So,
properly determining the carbon taxes in cost-oriented centralized architectures is
essential for the government.
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e  Post-production stages can play a decisive role not only in cost but also in carbon
intensity. So, in addition to production, the storage and transportation stages must
also be decarbonized.

e Especially in developing countries, a gradual and predictable increase in carbon
taxation may provide a feasible transition pathway. Sudden, aggressive increases can
rapidly raise costs, while structural transformation may not always follow.

e  The governmental authorities should design carbon pricing together with infrastruc-
ture incentives and investment support mechanisms. A coordinated policy framework
between the authorities and private sector actors may enhance the economic sustain-
ability of the hydrogen transition.

e  Furthermore, the strategic integration of hydrogen derivatives, such as ammonia,
should be considered to enhance the economic resilience of the supply chain. Adopting
a "hydrogen-ammonia synergy’ can serve as a vital pathway for Ttirkiye to reduce
high transportation costs and buffer the impacts of carbon taxes. As highlighted
by Zhou et al. [39], cross-sectoral coupling paradigms that leverage ammonia as a
high-density energy carrier can provide the flexibility needed to mitigate the financial
pressures identified in decentralized, renewables-heavy configurations.

6. Conclusions

This study examines how the supply chain infrastructure for hydrogen-fuel-cell vehi-
cles in the heavy-duty transport sector adapts under various carbon tax scenarios within a
multi-period, bi-objective optimization framework. The model considers production tech-
nology, capacity expansion, storage, and transportation, exploring the trade-offs between
cost and emissions through three Pareto-optimal solutions.

The findings reveal that carbon pricing impacts the system differently, depending on
the chosen infrastructure design and prioritized objectives. In the distributed, renewables-
dominant solution, the carbon tax primarily affects economic outcomes without changing
the infrastructure’s setup. In the hybrid solution, while the environmental profile remains
stable, investment timing is responsive to policy signals. Conversely, in the centralized
and cost-sensitive solution, carbon taxation may alter the energy mix, making Pareto-front
solutions more sensitive to policy changes. Specifically, the results indicate that LCOH
values range from 2.06 to 14.06 $/kg Hy, with carbon pricing (S3) increasing the LCOH by
29.06% in hybrid designs and raising the renewable share to 46.97% in centralized chains.

These results suggest that the effectiveness of carbon pricing hinges on both the
tax level and the initial configuration of the system. Different tax increases can lead
to varying responses across infrastructure designs. Sensitivity analysis regarding the
network’s structural stability demonstrates that a 20% variation in electrolyzer-based
unit production costs does not trigger a network reconfiguration, though it shifts the
LCOH values within each respective configuration (Table 9). This structural invariance
across the Pareto front is mathematically driven by the weight distribution within the
objective function, where multi-period capital expenditures (CAPEX) and fixed network
infrastructure costs heavily dominate the total system cost, accounting for over 97.5% of
the financial weight across all planning horizons. While operational carbon tax penalties
escalate dynamically across the periods due to the increasing carbon tax rates applied to
the generated emissions, their relative share remains below 2% of the total cost structure
even under the most carbon-intensive configurations. Because the optimization framework
evaluates long-term bi-objective trade-offs between cost and emissions under these rising
fiscal pressures, the network is established in the earlier planning phases to ensure an
economically and operationally viable configuration. Once these capital-intensive spatial
allocations are deployed, the marginal impact of carbon pricing within the overall objective
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weight is insufficient to justify a physical reconfiguration of the network layout. Spatial
allocation decisions are governed by long-term infrastructure investment dynamics, while
subsequent carbon tax increases are absorbed almost exclusively as numerical increments
in the LCOH.

In addition, according to the results of the boundary condition test, a minimum 60%
reduction in both electrolysis investment costs (CAPEX) and UPC results in a shift in supply
chain structure and technology selection, enabling widespread deployment of electrolyzers
across all supply chain configurations. This test shows that a 60% cost reduction for
electrolyzers is the threshold required to align the cost and emission objectives, bringing
the overall LCOH boundaries down to $4.46-7.64/kg Hj. This finding also implies that
advances in electrolysis technologies that reduce investment and operational costs are
strongly needed to facilitate the utilization of these clean technologies.

Importantly, significant carbon tax increases do not always lead to greater emissions
reductions; they can also result in higher costs and slower investment, indicating that
carbon pricing alone may not suffice for transformation. Rather, it should be considered
alongside infrastructure design and financing strategies.

Finally, this study concludes that policy recommendations for Tiirkiye must be tailored
to its unique conditions, while the developed multi-period MILP framework serves as a
representative and scalable model for other emerging economies, since many developing
countries have similar carbon-intensive transportation sectors and increasing renewable
energy penetration. By aligning the model with Tiirkiye’s 2030-2053 Hydrogen Strategy
milestones (such as the 2 GW and 5 GW electrolyzer targets), this study highlights that a
tiered carbon tax policy is essential to avoid economic barriers. A tiered carbon tax policy,
starting with lower rates to encourage early-stage SMR-CCS investments and escalating
as renewable infrastructure matures, is recommended. This balanced strategy prevents
the formation of economic barriers, ensures energy security through transitional fossil-
fuel-integrated technologies, and aligns Tiirkiye’s hydrogen strategy with international
environmental standards in a sustainable manner. In this context, exploring hydrogen—
ammonia synergistic models can further optimize the transition by lowering the cost
of long-distance transport and storage, thereby increasing the practical applicability of
hydrogen energy in Tiirkiye’s heavy-duty transport sector.

Ultimately, this study highlights that Pareto-optimal solutions represent varied cost-
emission trade-offs and policy sensitivities. Future research could enhance this framework
by integrating demand uncertainty, incorporating technology cost reductions through
learning-by-doing, and evaluating policies within bilevel optimization settings.

Additionally, expanding the model to include multi-objective formulations that ac-
count for operational risk minimization or system reliability maximization would provide a
more robust basis for strategic planning. Furthermore, exploring the integration of stability-
enhancing technologies, such as TES, could provide deeper insights into mitigating renew-
able energy volatility and further reducing the LCOH in fossil-fuel-dependent grids [5]. In
addition to these storage options, incorporating micro-level operational strategies, such
as flexible on-grid and off-grid control frameworks, can complement infrastructure con-
figurations and help lower the LCOH. Combining macro-level policy instruments with
these micro-level control mechanisms represents a critical future pathway for addressing
long-term optimization challenges in developing energy markets.
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Appendix A

Appendix A.1. Model Notation

Table A1. Model indices.

Index Description
e Primary energy source
g Cluster
j Size of production plants and storage facilities
l Type of transportation mode
p Production facility with production technology p
s Storage facility type with different storage technologies
t Time period of the planning horizon

Table A2. Model parameters.

Symbol Description
A0 Initial average availability of primary energy sources e in cluster g
€8 (unit/d)
CCF Capital charge factor—payback period of capital investment (yr)
Dgt Total demand in cluster ¢ during time period ¢ (kg/d)
DW, Driver wage of transportation mode ! ($/hr)
FEF Fuel economy of transportation mode ! within a cluster (km/L)
F E# Fuel economy of transportation mode / between clusters (km/L)
Fp, Fuel price of transportation mode I ($/L)
GE; General expenses of transportation mode ! ($/d)
LL Local delivery distance within cluster g (km)

LI§

88/
LR

Regional delivery distance between clusters g and g’ (km)
Learning rate—cost reduction as technology manufacturers
accumulate experience (%)

LUT, Load/unload time of product for transportation mode ! (hr)
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Table A2. Cont.

Symbol

Description

ME;
0
Nnggt
NSsjgt
min
PCappj
PCapi™*

PCC,;
PR

Q;m'n
Q71ux
SCap;’]?m
SCapli™
SCCq;j
SP}
SPR
SSF
TCap,;
TMA!
TMAR
TMC,

ubDc,

UEC,
UPC),;

UsCy;

')/epj

Maintenance expenses of transportation mode / ($/km)
Initial number of production facilities type p and size j in cluster g

Initial number of storage facilities of type s and size j in cluster g

Minimum production capacity of production facility type p and size
j (kg/d)

Maximum production capacity of production facility type p and
size j (kg/d)

Capital cost of establishing production facility type p and size j ($)
Penetration factor of hydrogen-fuel-cell vehicles during the time
period t (%)

Minimum flow rate of hydrogen by transportation mode I (kg/d)
Maximum flow rate of hydrogen by transportation mode I (kg/d)
Minimum storage capacity of storage facility type s and size j (kg)
Maximum storage capacity of storage facility type s and size j (kg)
Capital cost of establishing storage type s and size j ($)

Average speed of transportation mode [ within a cluster (km/hr)
Average speed of transportation mode ! between clusters (km/hr)
Safety stock factor of primary energy sources within a cluster (%)
Capacity of transportation mode I (kg/mode)

Availability of transportation mode ! within a cluster (hr/d)
Availability of transportation mode ! between clusters (hr/d)

Cost of establishing transportation mode / ($/mode)

Unit cost of distributing primary energy source e between clusters
($/unit)

Unit cost of primary energy source ¢ ($/unit)

Unit production cost for production plant type p and size j ($/kg)
Unit storage cost for storage facility type s and size j ($/kg/d)
Emission produced in production facility type p for the production
of one kg of hydrogen (kg)

Emission produced in storage facility type s for the storage of one
kg of hydrogen (kg)

Emission produced by the transportation mode ! to transport one
kg of hydrogen over a distance of one km (kg)

Storage holding period—average number of days’ worth of

stock (d)

Rate of utilization of primary energy source e by plant type p and
size j (unit resource/unit product)

Table A3. Model continuous variables.

Symbol

Description

Afzgt
L
Dgt
1
Dgt

EAegt

FCC;
FOC;

avg
Lgt

Average availability of primary energy source e in cluster ¢ during
time period f (unit/d)

Demand in cluster g satisfied by local production during time
period t (kg/d)

Imported demand to cluster g during time period ¢ (kg/d)
Available primary energy source e in cluster g at the beginning of
period t

Facility capital cost ($)

Facility operating cost ($/d)

Average delivery distance within cluster g during time period

t (km)
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Table A3. Cont.

Symbol Description
P Production rate by plant type p of size j in cluster ¢ during time
pigt period t (kg/d)
Pth Total production rate in cluster ¢ during time period ¢ (kg/d)
Flow rate by transportation mode [ between clusters g and g’
Quggr during time period t (kg/d)
S.. Average inventory stored in storage type s and size j in cluster g
sjgt during time period f (kg)
Sgt Total average inventory in cluster ¢ during time period ¢ (kg)
EM Total emissions generated from production activities during
! period t
ES; Total emissions generated from storage operations during period t
ET; Total emissions generated from transportation during period t
TCC Transportation capital cost ($)
TDC Total daily cost of the network ($/d)
TOC Transportation operating cost ($/d)

Table A4. Model integer variables.

Symbol Explanation
Investment of plants of type p and size j in cluster g during time
IPyjq; iod
period ¢
IS.. Investment of storage facilities of type s and size j in cluster g
sjgt during time period ¢
NHP Number of plants of type p and size j in cluster ¢ during time
pist period ¢
NHS... Number of storage facilities of type s and size j in cluster g during
pist time period ¢
NTU Number of transportation units of type 1 between clusters g and g’
lggrt in period t

Table A5. Model binary variables.

Symbol Explanation
x 1 if hydrogen is to be transported from clusters g to g’ by
lggrt transportation mode / during time period ¢, 0 otherwise
y 1 if hydrogen is to be exported from cluster g during time period t,
8t 0 otherwise
7 1 if hydrogen is to be imported into cluster ¢ during time period ¢,
8t 0 otherwise

Appendix A.2. Supplemental Technical Data and Cluster Information

Table A6. The 28 clusters defined in Tiirkiye and the provinces they cover.

Cluster ID Provinces

C1 Istanbul

C2 Ankara, Kirikkale

C3 [zmir

C4 Konya, Aksaray, Karaman
C5 Bilecik, Bursa, Yalova
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Table Aé6. Cont.

Cluster ID Provinces

C6 Antalya, Burdur, Isparta

Cc7 Adiyaman, Gaziantep, Kilis

(@] Adana, Mersin, Osmaniye

9 Diyarbakir, Sanhurfa

C10 Kayseri, Kirsehir, Nevsehir, Nigde
C11 Corum, Giresun, Ordu, Samsun
C12 Guimushane, Rize, Trabzon

C13 Artvin, Bayburt, Erzurum, Ardahan, Kars, Erzincan, Igdir
Cl14 Elazig, Malatya, Tunceli, Bingol
C15 Agn, Bitlis, Hakkari, Mus, Van
Cl6 Batman, Mardin, Siirt, Sirnak

C17 Aydin, Denizli, Manisa, Usak

C18 Balikesir, Canakkale

C19 Bolu, Diizce, Sakarya

C20 Tekirdag, Kirklareli, Edirne

C21 Kahramanmaras

Cc22 Kocaeli

C23 Hatay

C24 Kiitahya, Eskisehir, Afyonkarahisar
C25 Karabtik, Zonguldak, Bartin

C26 Sivas, Tokat, Yozgat, Amasya

C27 Sinop, Kastamonu, Cankir1

C28 Mugla

Table A7. Distance between clusters.

fng‘e' i 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
1 50 378 328 511 85 416 857 715 986 562 666 920 1086 925 1212 1148 312 198 176 165 785 85 822 222 279 607 438 424
2 378 57 548 231 323 355 487 378 609 196 335 580 737 550 842 770 450 516 205 543 415 293 485 251 189 247 182 514
3 328 548 35 541 290 317 931 747 1092 666 882 1128 1282 1068 1366 1270 117 165 422 338 866 355 837 297 551 793 685 172
4 511 231 541 150 432 244 390 213 553 160 468 665 794 548 842 734 425 578 376 665 326 435 314 303 411 355 400 437
5 85 323 290 432 83 332 790 639 926 496 634 888 1050 873 1165 1092 248 201 143 234 718 65 745 137 267 563 416 358
6 416 355 317 244 332 99 628 437 795 394 671 893 1031 791 1086 977 202 399 365 533 567 370 522 206 465 565 534 193
7 857 487 931 390 790 628 155 197 175 296 421 451 511 236 486 356 815 959 691 1021 73 773 168 676 659 354 547 819
8 715 378 747 213 639 437 197 147 371 192 460 581 675 404 678 553 630 791 564 873 152 635 108 514 566 357 498 626
9 986 609 1092 553 926 795 175 371 152 434 440 366 374 135 313 182 976 1106 813 1151 228 901 334 823 759 416 623 988
10 562 196 666 160 496 394 296 192 434 139 315 505 637 403 701 607 553 672 396 726 223 477 295 390 379 202 306 583
11 666 335 882 468 634 671 421 460 440 315 293 255 420 323 568 545 785 834 494 823 373 58 529 585 393 113 232 845
12 920 580 1128 665 888 893 451 581 366 505 255 108 168 234 349 382 1026 1088 749 1076 443 841 608 832 646 336 484 1076
13 1086 737 1282 794 1050 1031 511 675 374 637 420 168 389 276 214 306 1176 1249 912 1243 525 1005 678 987 813 490 651 1219
14 925 550 1068 548 873 791 236 404 135 403 323 234 276 199 298 228 957 1063 749 1089 252 840 403 785 677 326 529 983
15 1212 842 1366 842 1165 1086 486 678 313 701 568 349 214 298 246 154 1254 1357 1036 1375 528 1128 647 1082 953 606 796 1279
16 1148 770 1270 734 1092 977 356 553 182 607 545 382 306 228 154 157 1155 1277 972 1313 410 1062 508 996 905 553 757 1169
17 312 450 117 425 248 202 815 630 976 553 785 1026 1176 957 1254 1155 173 217 356 377 750 310 721 205 482 691 601 113
18 198 516 165 578 201 399 959 791 1106 672 834 1088 1249 1063 1357 1277 217 138 343 173 889 256 891 283 464 760 616 316
19 176 205 422 376 143 365 691 564 813 396 494 749 912 749 1036 972 356 343 103 341 618 93 672 167 129 431 273 453
20 165 543 338 665 234 533 1021 873 1151 726 823 1076 1243 1089 1375 1313 377 173 341 110 949 251 979 365 430 769 592 484
21 785 415 866 326 718 567 73 152 228 223 373 443 525 252 528 410 750 889 618 949 25 701 167 606 588 294 481 760
2 85 293 355 435 65 370 773 635 901 477 586 841 1005 840 1128 1062 310 256 93 251 701 20 742 165 208 523 362 417
23 822 485 837 314 745 52 168 108 334 295 529 608 678 403 647 508 721 891 672 979 167 742 30 617 672 437 595 705
24 222 251 297 303 137 206 676 514 823 390 585 832 987 785 1082 996 205 283 167 365 606 165 617 114 285 497 395 291
25 279 189 551 411 267 465 659 566 759 379 393 646 813 677 953 905 482 464 129 430 588 208 672 285 74 352 162 576
26 607 247 793 355 563 565 354 357 416 202 113 336 490 326 606 553 691 760 431 769 294 523 437 497 352 189 207 743
27 438 182 685 400 416 534 547 498 623 306 232 484 651 529 796 757 601 616 273 592 481 362 595 395 162 207 204 679
28 424 514 172 437 358 193 819 626 988 583 845 1076 1219 983 1279 1169 113 316 453 484 760 417 705 291 576 743 679 30
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Table A8. Initial availability of energy sources [38—40].

. Renewable
Natural Gas Coal Biomass .,
Cluster ID Electricit
(ton/day) (ton/day) (ton/day) (W da%
1 124.16 0 22,911.74 13,623,492.09
2 0 0 32,226.69 3,862,095.89
3 0 0 30,056.11 12,874,514.81
4 0 0 64,380.62 10,861,915.07
5 0 0 16,538.26 11,808,980.82
6 0 0 24,352.50 4,127,976.64
7 1.42 0 18,747.51 1,817,579.45
8 0 0 34,804.30 11,272,877.32
9 0 0 45,436.89 803,845.21
10 0 0 33,920.32 4,933,206.49
11 0 0 30,369.11 7,916,209.72
12 0 0 7350.70 2,725,310.96
13 0 0 50,777.99 9,742,252.73
14 0 0 19,879.42 16,852,127.87
15 0 0 41,731.09 5,670,215.50
16 4.29 0 25,726.52 4,163,246.63
17 0 20,684.93 50,256.14 38,156,016.82
18 1.42 13,452.05 32,287.84 17,701,189.62
19 39.40 0 17,908.05 5,382,724.66
20 759.73 0 28,335.79 12,246,043.84
21 0 0 10,557.35 2,614,383.45
22 0 0 5758.07 949,739.38
23 0.12 0 7928.18 2,676,216.44
24 0 6219.18 35,709.88 5,916,866.14
25 3525.87 0 6131.73 3,510,085.08
26 0 0 38,667.51 5,900,346.83
27 0 0 15,034.07 3,414,202.55
28 0 0 8808.61 2,432,862.47
Table A9. Hydrogen demand of each cluster and time period (t/d).
Cluster ID t1 t2 t3 t4 t5
(2026-2030) (2031-2035) (2036-2040) (2041-2045) (2045-2050)
1 111.87 491.25 1339.99 2467.18 3124.99
2 107.60 472.46 1288.75 2372.83 3005.48
3 55.14 242.12 660.45 1216.01 1540.23
4 7.98 35.042 95.59 175.99 22291
5 3.18 13.98 38.142 70.23 88.95
6 21.75 95.49 260.48 479.59 607.46
7 6.487 28.49 77.70 143.07 181.21
8 19.10 83.87 228.77 421.21 533.51
9 3.87 17.01 46.40 85.43 108.21
10 18.61 81.72 222.90 410.40 519.83
11 5.10 22.380 61.05 112.40 142.37
12 0.85 3.743 10.21 18.80 23.81
13 3.63 15.95 43.51 80.11 101.47
14 1.15 5.047 13.77 25.35 32.10
15 1.56 6.84 18.64 34.33 43.49
16 2.00 8.77 23.91 44.03 55.77
17 7.40 32.50 88.66 163.24 206.76
18 13.71 60.21 164.24 302.39 383.01
19 5.53 24.27 66.19 121.87 154.36
20 3.88 17.06 46.52 85.66 108.49
21 11.42 50.13 136.75 251.78 318.91
22 35.47 155.74 424.82 782.17 990.72
23 26.89 118.09 322.13 593.09 751.23
24 9.32 40.925 111.63 205.54 260.34
25 1.08 4.76 12.99 23.91 30.289
26 3.00 13.19 35.99 66.26 83.92
27 2.39 10.52 28.68 52.81 66.90
28 9.91 43.51 118.69 218.53 276.80
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Table A10. Production capacities and costs of hydrogen plants [28,42].

Plant Type, p SMR CG BG Electrolysis
Plant Size, j S M L M L M L S M
PCapZ;.i” (t/d) 0.3 10 200 10 200 10 200 0.3 10
PCapZ’j“x (t/d) 9.5 150 960 150 960 150 960 9.5 150
Yepj (unit e/unit i) 4.02 3.34 3.16 5.64 5.33 18.43 11.26 52.49 52.49
PCCy; ($ x 10) 29 224 903 389 1611 575 1836 61 663
UPC,; ($/kg) 3.36 1.74 1.43 2.03 1.56 3.52 2.15 6.82 5.03

SMR: Steam Methane Reformation, CG: Coal Gasification, BG: Biomass Gasification, S: Small, M: Medium,
L: Large.

Table A11. Costs associated with primary energy sources [30].

. . Renewable
Primary Energy Source, e Natural Gas Coal Biomass Electricity
Unit cost of energy source, UEC, 0.12 0.03 0.05 0.05
($/unit)

Unit import cost of energy
source, UIC, ($/unit) 0.012 0.003 0.005 0.005
Unit distribution cost of energy _5 6 6 _5
source, UDC, ($/unit/km) 1.22 x 10 3.05 x 10 5.09 x 10 5.09 x 10
Table A12. Storage capacities and costs of liquid hydrogen storage facilities [30].
Storage Type, s Liquid Hydrogen Storage
Storage Size, j Small Medium Large
Minimum storage capacity, SCap;'}i" (t) 0.5 10 200
Maximum storage capacity, PCap™ (t) 9.5 150 540
Storage capital cost, SCCs; (million $) 5 33 122
Unit storage cost, USCs; ($/kg/d) 0.032 0.010 0.005
Table A13. CO, Emissions per kg of hydrogen produced [47].
Production Technology CO; Produced kg1 H,
Steam Reforming 17.4
Coal Gasification 30.3
Electrolysis 0.9
Biomass Gasification 32.1
Table A14. Costs and characteristics of transportation modes [28,42].
Transportation Mode, [ Tanker Truck Railway Tank Car
Transport unit capacity, TCap; (t/mode) 4 9
Fuel economy within cluster, F ElL (km/L) 2.30 3.83
Fuel economy between clusters, F Ef (km/L) 2.55 425
Average speed within cluster, SPF (km/hr) 25 20
Average speed between clusters, S PF (km/hr) 55 45
Mode availability within cluster, TMAF (hr/d) 15 8
Mode availability between clusters, TMAF (hr/d) 18 12
Load/unload time, LUT; (hr) 2 12
Driver wage, DW; ($/hr) 23 23
Fuel price, FP; ($/L) 1.16 0.28
Maintenance expenses, ME; ($/km) 0.0976 0.0621
General expenses, GE; ($/d) 8.22 6.85
Transport mode cost, TMC; ($/mode) 500,000 500,000
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Figure A1. Comparison of Pareto frontiers for total daily system cost and emissions under different
carbon tax scenarios. Points A, B, and C represent specific multi-objective optimization solutions
illustrating the trade-off between economic and environmental objectives.
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