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Abstract

Decarbonizing heavy-duty freight transport is essential for achieving climate neutrality
targets. Although internal combustion engine (ICE) trucks currently dominate logistics,
they contribute substantially to greenhouse gas emissions. Zero-emission alternatives, such
as battery electric vehicles (BEVs) and hydrogen fuel cell vehicles (H2), provide different
decarbonization pathways; however, their relative roles remain contested, particularly in
small economies. While BEVs benefit from technological maturity and declining costs,
hydrogen offers advantages for high-payload, long-haul operations, especially within
energy-intensive cold supply chains. The aim of this paper is to examine the gradual tran-
sition from ICE trucks to hydrogen-powered vehicles with a specific focus on cold-chain
logistics, where reliability and energy intensity are critical. The hypothesis is that applying
a system dynamics forecasting approach, incorporating investment costs, infrastructure
coverage, government support, and technological progress, can more effectively guide
transition planning than traditional linear methods. To address this, the study develops
a system dynamics economic model tailored to the structural characteristics of a small
economy, using a European case context. Small markets face distinct constraints: limited
fleet sizes reduce economies of scale, infrastructure deployment is disproportionately costly,
and fiscal capacity to support subsidies is restricted. These conditions increase the risk
of technology lock-in and emphasize the need for coordinated, adaptive policy design.
The model integrates acquisition and maintenance costs, fuel consumption, infrastructure
rollout, subsidy schemes, industrial hydrogen demand, and technology learning rates. It
incorporates subsystems for fleet renewal, hydrogen refueling network expansion, operat-
ing costs, industrial demand linkages, and attractiveness functions weighted by operator
decision preferences. Reinforcing and balancing feedback loops capture the dynamic in-
teractions between fleet adoption and infrastructure availability. Inputs combine fixed
baseline parameters with variable policy levers such as subsidies, elasticity values, and
hydrogen cost reduction rates. Results indicate that BEVs are structurally more favorable
in small economies due to lower entry costs and simpler infrastructure requirements. Hy-
drogen adoption becomes viable only under scenarios with strong, sustained subsidies,
accelerated station deployment, and sufficient cross-sectoral demand. Under favorable
conditions, hydrogen can approach cost and attractiveness parity with BEVs. Overall,
market forces alone are insufficient to ensure a balanced zero-emission transition in small
markets; proactive and continuous government intervention is required for hydrogen to
complement rather than remain secondary to BEV uptake. The novelty of this study lies
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in the development of a system dynamics model specifically designed for small-economy
conditions, integrating industrial hydrogen demand, policy elasticity, and infrastructure
coverage limitations, factors largely absent from the existing literature. Unlike models
focused on large markets or single-sector applications, this approach captures cross-sector
synergies, small-scale cost dynamics, and subsidy-driven points, offering a more realistic
framework for hydrogen truck deployment in small-country environments. The model
highlights key leverage points for policymakers and provides a transferable tool for guiding
freight decarbonization strategies in comparable small-market contexts.

Keywords: hydrogen fuel cell trucks; system dynamics modeling; small economies;
freight decarbonization

1. Introduction
Freight transport decarbonization is one of the most pressing challenges for achieving

climate neutrality in Europe and globally. Heavy-duty trucks account for a significant share
of greenhouse gas (GHG) emissions and rely almost exclusively on diesel-powered inter-
nal combustion engines (ICEs). Zero-emission technologies, particularly battery electric
vehicles (BEVs) and hydrogen fuel cell vehicles (H2), will play a crucial role in reducing
emissions. While both options hold promise, the path forward remains contested, especially
for freight sectors where long range, high payload, and reliability are essential, such as the
cold supply chain.

This study focuses on small economies, where transition dynamics differ from larger
markets. Countries with limited fleet sizes and constrained fiscal capacities face unique
challenges; infrastructure investment is disproportionately expensive, subsidies cannot be
maintained indefinitely, and economies of scale are harder to achieve. In such contexts,
carefully designed policies and forecasting models are essential for avoiding technology
lock-in and ensuring efficient use of limited resources. By examining the specific case of
heavy-duty transport in a small country, this study contributes insights that are broadly
applicable across Europe’s smaller markets, which represent a substantial portion of the
transport sector.

Hydrogen fuel cell technology has attracted growing interest due to its potential to
combine long driving range, short refueling times, and compatibility with high-intensity
freight operations. However, high initial investment costs, lack of refueling infrastructure,
and uncertain production costs remain significant barriers. In contrast, BEVs benefit from
faster technological maturation, declining battery costs, and expanding charging networks,
making them more attractive in urban and regional applications. These differences raise
questions regarding hydrogen’s ability to compete with electric alternatives and whether
its role will remain niche. Some researchers argue that BEVs will dominate due to superior
efficiency and cost trajectories, while others highlight hydrogen’s unique suitability for
heavy-duty, long-haul, and multi-shift operations. This controversy underscores the need
for model-based approaches that can capture complex interactions between technology,
infrastructure, and policy.

The purpose of this study is to develop an economic model for the gradual transi-
tion from ICE trucks to hydrogen fuel cell vehicles. The significance of this work lies
not only in its relevance to Latvia and the Baltic region but also in demonstrating how
small economies can design transition strategies that balance limited fiscal capacity with
ambitious decarbonization goals.
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The central hypothesis is that the application of economic forecasting methods based
on a system dynamics approach, considering initial investment costs, infrastructure devel-
opment, government policies, and technological advancements, enhances the efficiency
of the transition process from ICE trucks to hydrogen vehicles. By modeling reinforcing
and balancing feedback loops, the system dynamics framework enables the capture of
interdependencies that shape adoption trajectories.

The main aim of the study is to simulate alternative policy and market scenarios
to identify the conditions under which hydrogen could emerge as a competitive or com-
plementary zero-emission technology. By doing so, the model provides policymakers
and industry stakeholders with insights into leverage points, risks, and trade-offs in the
transition process. The proposed system dynamics model differs from existing hydro-
gen transition studies by explicitly incorporating small-market constraints, cross-sectoral
hydrogen demand interactions, and policy elasticity effects often absent in large-market
analyses. Unlike previous models that assume strong economies of scale or fully developed
infrastructure, this approach captures the structural limitations of small economies, where
investment capacity is low and infrastructure coverage requirements are disproportionate.

Although previous studies have examined hydrogen vehicle adoption, refueling
infrastructure planning, and total-cost-of-ownership comparisons, existing models rarely
capture the structural conditions specific to small economies. Most forecasting approaches
assume large markets with strong economies of scale, linear demand growth, or uniform
consumer behavior, overlooking constraints such as limited fleet sizes, high per-station
infrastructure costs, and fiscally restricted subsidy schemes. Moreover, model-based studies
seldom integrate cross-sectoral hydrogen demand, policy elasticity, or dynamic interactions
between industrial and transport uses of hydrogen. This creates a gap in understanding how
hydrogen competitiveness evolves when scale effects are weak and policy interventions
are intermittent. The present study addresses this gap by developing a system dynamics
model that explicitly incorporates small-market constraints, industrial hydrogen linkages,
and policy-driven feedback loops that shape long-term technology adoption.

The results show that hydrogen adoption in small economies is highly sensitive to
government subsidies, infrastructure rollout speed, and industrial demand synergies.
Without strong and sustained policy support, BEVs are likely to dominate due to lower
initial costs and faster technology learning. However, targeted subsidies, coordinated
infrastructure planning, and cross-sectoral hydrogen use can enable hydrogen to become
a viable co-dominant technology. Importantly, the study illustrates that in small markets,
transition outcomes cannot be left to market forces alone, as proactive interventions are
essential for shaping balanced technological pathways.

In summary, this study situates the hydrogen truck transition within the broader
context of climate policy and freight decarbonization, highlights the challenges faced by
small economies, and advances a novel system dynamics model tailored to these conditions.
The insights generated are intended to inform both national policy and EU-wide strategies
for achieving sustainable freight transport.

2. Literature Review
2.1. Model-Based Adoption of H2 Freight Vehicles

This subsection summarizes the literature on H2 freight transport adoption trends and
challenges, focusing on technological efficiency, government support mechanisms, produc-
tion and infrastructure challenges, and competitiveness. The development of hydrogen
technologies in the freight sector is increasingly analyzed using model-based approaches,
which make it possible to understand both adoption barriers and potential benefits. The lit-
erature indicates that this process depends on the interaction of multiple factors, including
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environmental requirements, technological innovations, economic costs, and policy instru-
ments. For this reason, system dynamics and other modeling tools have become essential,
as they help uncover feedback loops, forecast demand development, and identify scenarios
in which hydrogen freight vehicles may become competitive compared to traditional or
battery electric vehicles.

The adoption of hydrogen freight vehicles in logistics and freight transport is deter-
mined by environmental, technological, and economic factors. Researchers consistently
emphasize that environmental goals, particularly greenhouse gas (GHG) reduction re-
quirements, create a strong incentive for the development of low-carbon freight transport
technologies [1–4]. Hydrogen freight vehicles can reduce GHG emissions by 20–45% com-
pared to diesel vehicles, with the potential for even greater reductions if hydrogen is
produced from renewable resources [1,2]. At the same time, significant barriers remain,
e.g., high upfront costs, insufficient refueling infrastructure, and competition with battery
electric vehicles [5–9]. These trade-offs make H2 adoption a systemic issue requiring co-
ordinated policy and industry actions, rendering it particularly suitable for model-based
exploration of feedback loops and adoption curves. The following sections examine specific
aspects necessary for modeling.

Autonomy and efficiency of H2 freight vehicles and trends in H2 production. Hy-
drogen freight vehicles have specific performance advantages in terms of driving range
and suitability for long-distance transport. Studies show that H2-powered engines and
fuel cells in optimized systems achieve efficiencies of up to 50%, while hybridization im-
proves average efficiency above 35% in driving cycles [10]. Moreover, polymer electrolyte
membrane fuel cells, originally developed for light-duty vehicles, are being adapted for
heavy-duty applications, increasing both durability and efficiency [11]. Compared to BEVs,
hydrogen freight vehicles provide longer driving ranges (up to 570 km per refueling), while
BEVs with comparable payload capacity reach only 200–250 km [12]. This autonomy makes
hydrogen competitive in freight sectors with high mileage and low tolerance for downtime.

The competitiveness of hydrogen freight vehicles is closely linked to hydrogen’s
production and development. Costs are declining due to improvements in electrolysis
technologies and integration with renewable energy. Forecasts indicate that by 2050,
renewable hydrogen could reach USD 70–80/MWh, making it competitive with fossil-
based production [13]. Solid oxide electrolysis cells and other high-efficiency methods could
reduce costs to as low as USD 5/GJ [14]. Geographic factors are significant; for example, in
Germany and Texas, renewable hydrogen is already approaching competitiveness in niche
markets [15]. Therefore, production cost reduction is a cornerstone in most forward-looking
adoption models.

Ref. [9] provides a comprehensive global assessment of hydrogen fuel cell vehicle
technologies, covering fuel cell types, hydrogen storage methods, refueling infrastruc-
ture, and emerging trends such as AI and quantum-enhanced optimization. It highlights
the rapid technological progress and the current dominance of passenger H2 vehicles in
markets such as South Korea and the United States, and the persistent barriers related to
infrastructure costs, component durability, and system efficiency. The review underscores
that large-scale H2 adoption will require sustained investment, coordinated policy support,
and cross-sector collaboration, reinforcing the broader systemic challenges associated with
hydrogen mobility.

H2 refueling infrastructure and competitiveness against other vehicle types. The
location and density of hydrogen refueling stations (HRSs) directly affect adoption curves.
Strategic placement along intercity freight corridors is critically important, as long-haul
operators require reliable systems with minimal detours [16]. Pipeline-based supply ap-
proaches provide long-term stability, while truck-delivered hydrogen reduces initial in-
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vestment in early adoption stages [17,18]. Studies confirm that adoption is closely tied to
a bidirectional feedback loop between infrastructure availability and fleet expansion [19].
However, building a nationwide refueling station network is financially challenging, re-
quiring public–private partnerships and innovative financing models to share risks [20].
Early infrastructure rollout success is thus essential for overcoming adoption inertia.

Hydrogen freight vehicles’ main competitors are BEVs, which currently offer lower
ownership costs, especially in urban and regional transport, where mileage requirements
are moderate [7,21]. BEVs’ advantages include rapidly advancing battery technologies
and expanding charging infrastructure [7]. Therefore, hydrogen’s relative competitiveness
is not universal. Instead, it depends on the type of application, infrastructure readiness,
and the structure of energy costs. This dynamic competitiveness is a central element in
modeling future adoption pathways.

The role of government support and research supporting technological development.
Government policy is a key factor in the adoption of hydrogen freight vehicles. Purchase
subsidies and refueling station expansion directly affect the pace of market diffusion,
and dynamic incentive schemes outperform static subsidies in promoting adoption [3].
Infrastructure investments in countries like Japan, South Korea, and Germany illustrate
how coordinated strategies can accelerate deployment [22–24]. Moreover, policy measures
that integrate hydrogen development with electricity systems, such as spatially optimized
subsidies or carbon pricing, can reduce costs and emissions [16]. Without such targeted
support, adoption risks becoming stuck between demand and infrastructure [19].

Academic and industrial research continues to strengthen the technological founda-
tions of hydrogen freight transport. Significant attention has been devoted to improv-
ing fuel cell durability, refining hybrid powertrain integration, and optimizing energy
management systems [11,25]. Infrastructure studies emphasize the development of cost-
effective refueling systems and optimized supply chains [9,18]. These findings support
both gradual deployment strategies and the long-term technological viability of hydrogen
freight transport.

Other relevant studies reinforce the importance of integrated, cross-sector approaches
in energy and transport transitions. Advanced renewable systems for co-producing hy-
drogen and ammonia demonstrate significant thermodynamic and economic potential [4].
Socio-ecological analyses show how adaptive policies shape multi-sector development out-
comes [26], while low-carbon dispatching strategies enhance flexibility in renewable-rich
energy systems [27]. Additionally, multimodal accessibility models highlight the need for
holistic transport planning in complex urban environments [28].

2.2. Review of Modeling Methodologies

This subsection critically evaluates existing research dedicated to hydrogen fuel cell
vehicle adoption, infrastructure planning, energy efficiency, and technological modeling,
identifying key advancements, methodological approaches, and unresolved challenges. By
synthesizing insights across different areas, this review aims to highlight research gaps,
assess hydrogen’s competitiveness against alternative technologies, and propose future
research directions to support policymaking and strategic investments in hydrogen-based
transport systems. The reviewed studies on modeling hydrogen fuel cell technology for
transportation can be classified into four thematic groups:

• Market adoption and consumer behavior. These studies emphasize behavioral and
policy factors influencing H2 adoption, highlighting the importance of subsidies,
taxation, and public awareness campaigns.
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• Infrastructure planning and optimization. These studies focus on hydrogen refueling
station placement models, emphasizing the need for decentralized green hydrogen
production but often assuming static demand growth.

• Energy efficiency and environmental impact. These studies compare hydrogen’s lifecy-
cle performance with battery electric vehicles and internal combustion engine vehicles,
revealing that hydrogen’s sustainability is highly dependent on its production.

• Technological development. These studies present advanced optimization frameworks
for energy consumption and supply chain management but often rely on hypothetical
cost projections.

The following overview presents key studies, highlighting the issues analyzed, the
modeling methodologies used, main conclusions, limitations, and identified research gaps.

Ref. [29] addresses the gap in H2 energy consumption modeling, which is essential for
transport planning and infrastructure development. They develop a microscopic model
estimating instantaneous consumption based on speed, acceleration, and road grade. The
results show that H2 can consume less energy than ICEs under certain conditions (e.g.,
highways). However, the model omits factors like temperature variation and fuel cell
degradation, which affect long-term efficiency. The study concludes that the model can
support policymakers and engineers but requires refinement for real-world application.

Ref. [30] addresses hydrogen supply chain optimization in Turkey, balancing economic
feasibility, carbon emissions, and safety risks. The authors develop a MILP model to
test different network configurations. Five scenarios are assessed, including centralized
and decentralized networks using both steam methane reforming (SMR) and electrolysis.
Results show that decentralized networks with distributed SMR and electrolysis achieve
the best balance, reducing costs by 88%, emissions by 10%, and safety risks by 2%. However,
assumptions regarding demand growth and policy stability may limit practical applicability,
as geopolitical and economic fluctuations are not considered.

Ref. [16] develops a mathematical model for HRS placement for long-haul H2 trucks,
addressing infrastructure gaps hindering freight adoption. Using GIS data and MILP meth-
ods, the authors optimize station siting along intercity and interstate corridors. The model
incorporates hydrogen production technologies, comparing centralized versus on-site
solar-to-hydrogen approaches. A North American case study suggests that decentralized
renewable HRS networks can reduce operational costs and emissions. However, the model
assumes steady demand growth, which may not align with real-world adoption.

Ref. [31] integrates hydrogen supply chain network design with refueling station
planning to develop a comprehensive infrastructure model. The key issue addressed is the
lack of coordination between production, distribution, and station placement, which ham-
pers large-scale adoption. Using a MILP framework, the study simultaneously optimizes
feedstock supply, facility siting, transport logistics, and CCS considerations. A case study
in France demonstrates that integration produces a more efficient and lower-cost supply
network. However, the study assumes predictable demand growth, which may not reflect
actual adoption rates, and it does not account for potential breakthroughs in alternative
fuel technologies.

Ref. [5] analyzes the hydrogen adoption dilemma, wherein consumers are reluctant to
buy H2 vehicles due to insufficient refueling infrastructure and investors hesitate to build
infrastructure because of low demand. The authors develop a system dynamics model to
analyze this interdependence and evaluate policy interventions. Four scenarios are tested,
considering adoption, infrastructure development, and market conditions. Results show
that coordinated policy, simultaneously incentivizing both vehicle uptake and infrastructure
expansion, is the most effective way to accelerate hydrogen market growth. However, the
model’s reliance on historical data and theoretical assumptions limits predictive accuracy.
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Ref. [32] focuses on optimizing hydrogen infrastructure to enable the transition to a
low-carbon transport system in the UK. The primary challenge is the high initial investment
required for supply chain infrastructure, including production, storage, and transport. Us-
ing a multi-period, spatially explicit mixed-integer linear programming (MILP) model, the
authors optimize infrastructure investments over time. The model accounts for economies
of scale, transport modes (road and pipeline), and carbon capture and storage (CCS) tech-
nologies. It minimizes total costs while ensuring a gradual transition to a sustainable
hydrogen economy. Results indicate that a phased approach integrating multiple technolo-
gies and transport methods optimizes cost reduction. However, the study does not account
for unpredictable market fluctuations or policy changes, nor the uncertainty inherent in
long-term cost forecasts.

Ref. [33] investigates consumer acceptance of H2 using a behavioral modeling ap-
proach, combining the theory of planned behavior (TPB) and norm activation theory (NAT).
Key factors include attitudes, norms, perceived control, and personal norms. Results
show the strong influence of perceived benefits (environmental gains, fuel efficiency) and
perceived risks (high cost, limited infrastructure). Government interventions, such as
subsidies and awareness campaigns, play a crucial role. However, the study relies solely
on Malaysian survey data, limiting generalizability, and it does not assess how attitudes
evolve over time.

Ref. [34] develops a forecasting model for H2 adoption in South Korea, integrating
infrastructure availability and cost reduction effects. Using the generalized Bass diffusion
model and a system dynamics simulation, the study assesses how external factors (govern-
ment subsidies, cost reductions, and station deployment) influence adoption. Sensitivity
analysis shows that vehicle cost reduction and denser station networks significantly accel-
erate uptake. The study offers valuable policy insights but is limited by diffusion models
assuming homogeneous consumer behavior, without accounting for BEV competition.

Ref. [35] uses agent-based modeling (ABM) to analyze ICE diffusion in the automotive
market. The challenge is consumer reluctance due to inadequate infrastructure, while
investors hesitate because of low demand. The model simulates interactions between man-
ufacturers, consumers, and station operators, enabling policy simulations. Results suggest
that targeted taxes on conventional cars may be more effective than direct subsidies for ICE
adoption. The study highlights the importance of cooperation between manufacturers and
operators to accelerate infrastructure rollout. However, it does not account for competing
technologies, such as BEVs, and assumes uniform consumer preferences.

Ref. [22] explores regional heterogeneity in ICE adoption in Tokyo, a key factor in
effective hydrogen mobility policy. The authors apply an innovative approach, combining
real adoption data with the analytic hierarchy process (AHP) to rank factors like perfor-
mance, cost, fuel availability, and policy support. The methodology is validated with actual
ICE sales data, improving credibility. Results reveal substantial regional differences in
consumer attitudes and infrastructure development, shaping adoption rates. The study
underscores the need for region-specific policies rather than a one-size-fits-all national
strategy. It is limited by its narrow geographical scope, which restricts generalization to
other contexts.

The reviewed studies provide important insights into H2 adoption, infrastructure
planning, energy efficiency, and technological modeling. However, several major gaps
remain. A key issue is the lack of empirical validation for many forecasting models. Studies
predicting H2 adoption [33,35] rely heavily on theoretical frameworks (e.g., TPB, ABM)
without incorporating large-scale consumer or historical adoption data. Similarly, infras-
tructure planning studies [16,36] use optimization models assuming static or linear demand
growth, ignoring unexpected shifts in technology, economics, and policy. Moreover, BEV
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competition is often overlooked. Many studies compare H2 to ICEs [22,29] but fail to
account for rapid battery advancements, expanding charging infrastructure, and declining
BEV costs, which directly impact competitiveness. Another gap is the limited evaluation of
hydrogen’s economic viability. Some studies assess sustainability but insufficiently address
high production, storage, and distribution costs at scale. Even infrastructure models [16,32]
focus on optimization while assuming investments will materialize and without analyzing
financing models, public–private partnerships, or subsidy schemes. Furthermore, hydro-
gen production methods are not uniformly assessed; while some highlight renewable
hydrogen, few comprehensively compare centralized versus decentralized approaches in
real deployment contexts.

3. Methodology and Research Design
This study’s methodology combines qualitative insights from expert interviews with

quantitative system dynamics modeling to capture the complexity of transitioning to
hydrogen-powered freight transport in a small economy. This mixed-methods approach
ensures that both real-world industry perspectives and dynamic economic–technical inter-
actions are integrated into the model’s design and the scenario analysis.

3.1. Expert Interview

Based on a structured interview conducted with three industry experts, several key
findings emerged regarding the current state and prospects of hydrogen fuel cell technolo-
gies in Latvia and the Baltic region. The insights gained represent typical conditions of
a small economy and provide valuable input for the development of a system dynam-
ics model aimed at supporting the transition from internal combustion engine trucks to
hydrogen-powered alternatives.

The interview revealed that hydrogen technology in the transport sector is still in
its earliest stage in Latvia and the broader Baltic region. Despite the establishment of a
hydrogen production facility in one country, utilization remains limited, and the technology
in use is already considered outdated. This underscores a broader regional pattern of low
development and adoption rates. The lack of clarity on whether supply or demand should
be prioritized creates hesitation in investment and development. Experts emphasized
the importance of pilot projects to generate data and confidence, as well as the need to
articulate clear value propositions for adopting hydrogen technologies.

A critical point raised in the discussion was the comparative positioning of hydrogen
versus electric vehicles, particularly for freight transport. While BEVs may have a firmer
foothold in urban areas, hydrogen offers distinct advantages in sectors requiring long range,
rapid refueling, and continuous use, such as forestry, airports, and mining. Participants
agreed that hydrogen infrastructure must serve multiple purposes, including government
or municipal needs and those of commercial operations, to be economically viable. Efficient
use of infrastructure was repeatedly highlighted, including the importance of minimizing
idle times in hydrogen production and distribution systems to achieve economies of scale.

Barriers to wider adoption were identified at both technological and systemic levels.
These include high vehicle and fuel costs, insufficient maintenance infrastructure, lack of
trained personnel, and underdeveloped certification systems. Hydrogen systems require
specialized handling, requiring investment in training and regulatory frameworks. From a
technological standpoint, challenges include improving the energy efficiency of hydrogen
production (currently around 30–40%) and increasing the availability and utilization of
refueling infrastructure. Experts advocated for cross-sector collaboration to boost demand
and reduce unit costs, stressing the need for coordinated action across government, industry,
and academia.
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Policy recommendations included financial incentives, such as road tax reductions and
increased CO2 emission penalties for fossil-fueled vehicles. Additionally, experts pointed
out the necessity of updating CO2 accounting methodologies to reflect a full “well-to-wheel”
perspective. A reliable model must therefore include not only technological parameters
but also economic considerations, such as lifecycle costs, energy prices, and total costs
of ownership for hydrogen vehicles. Market demand forecasting emerged as a crucial
modeling factor, especially given the stagnation in demand growth despite available supply.
Finally, to maximize effectiveness and reflect real-world dynamics, the model should
integrate hydrogen consumption across both transport and industrial sectors. The concept
of a “hydrogen valley,” where multiple consumers in transportation, chemical production,
or food processing industries co-locate, was identified as a particularly strategic approach.

In conclusion, the transition to hydrogen-based freight transport in Latvia and the
Baltics is technically feasible but will require systemic coordination, policy support, and
infrastructure optimization. The system dynamics model should account for infrastructure
utilization rates, multi-sector hydrogen demand, lifecycle economics, and evolving policy
frameworks. Such a model will serve not only as a research output but also as a strategic
tool for guiding stakeholders through a complex and capital-intensive transition towards
carbon-neutral logistics systems.

3.2. System Dynamics Model and Causal Diagram

System dynamics provides a methodological framework to capture complex interac-
tions, feedback loops, and time delays that characterize technological transitions in the
transport sector. In this study, Vensim PLE 10.1.5. software is employed to design and
simulate a dynamic model that links fleet renewal, infrastructure rollout, cost evolution,
and policy interventions. Unlike static or linear models, this approach enables the analysis
of long-term transition pathways under alternative policy and market scenarios, making it
an effective tool to evaluate how small-scale markets can manage the shift from internal
combustion engine trucks to hydrogen and electric alternatives.

The causal loop diagram (Figure 1) provides a high-level representation of the dynamic
interactions between fleet sizes, costs, infrastructure, and attractiveness of ICEs, BEVs, and
H2 heavy trucks in the context of a small economy. The model reflects the fact that
small markets face unique challenges compared to larger ones, particularly in terms of
limited fleet sizes, constrained infrastructure investment capacity, and stronger reliance on
subsidies or co-funding to stimulate technological transitions.

The diagram reveals three core feedback structures reflecting specific dynamics in a
small economy:

• Reinforcing innovation loops—R1 and R2, as shown in Figure 1 (for BEVs and H2). In
small economies, these loops depend heavily on external technological progress and
government subsidies, as domestic fleet volumes are insufficient to generate strong
cost reductions on their own.

• Balancing legacy loop—B1 (for ICE). Compliance costs and shrinking support infras-
tructure increase ICE ownership costs more quickly in small markets.

• Infrastructure constraint loop—R3 (for H2). Infrastructure rollout is disproportion-
ately expensive in small economies, and insufficient coverage rapidly undermines
hydrogen’s attractiveness.

Together, these loops highlight how scale limitations, fiscal constraints, and coverage
requirements shape the transition dynamics in small economies. The model shows that
without carefully designed subsidies and coordinated infrastructure planning, small coun-
tries risk being locked into ICE dominance or limited to BEVs, while hydrogen adoption
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may stagnate due to infrastructure bottlenecks. On the other hand, well-planned interven-
tions can generate reinforcing cycles of adoption and cost reduction, even in small markets.

Figure 1. Causal loop diagram.

The diagram reflects the following interrelations. ICE fleet size is linked to ICE
ownership costs through a balancing feedback loop. In a small economy, the elasticity of
acquisition costs is higher (as the ICE fleet shrinks, maintenance service, parts availability,
and compliance with emission regulations become disproportionately expensive due to
reduced economies of scale). This is explicitly reflected further in the model through
the emission regulation compliance costs multiplier, which amplifies cost increases more
strongly than in larger markets. As a result, ICE attractiveness declines faster, reducing
renewal demand for ICE trucks and accelerating phase-out. This structure captures how
small economies may experience sharper cost-driven declines in legacy technologies.

For BEVs, the feedback loop between BEV fleet size and BEV ownership costs captures
the role of scale effects in lowering costs. However, in small economies, the adoption curve
is shallower because the fleet size is relatively small compared to global manufacturers’
production volumes. Thus, the BEV cost multiplier is less driven by local fleet size and
more dependent on exogenous technological progress (modeled via technology multipliers
and subsidies). Government subsidies per BEV truck therefore play a proportionally greater
role in small economies, where early adoption volumes alone are insufficient to trigger
cost reductions. This highlights the reliance of small markets on public policy rather than
market size to stimulate BEVs’ competitiveness.

The hydrogen sub-system reflects the most pronounced small economy challenges.
Growth in H2 fleet size increases the demand for H2 in a country, which drives the need
for H2 stations. However, in small economies, the number of required H2 fueling stations
per 100 km (e.g., the TEN-T regulation) quickly translates into high relative infrastructure
costs, as the absolute number of trucks is low but the geographic coverage requirements
are fixed. This is further represented in the model through H2 infrastructure coverage
and the H2 infrastructure penalty multiplier, which directly reduce attractiveness when
coverage falls behind requirements. To mitigate this, the model explicitly includes H2
fueling station government subsidies per year and private co-funding as critical enablers of
infrastructure rollout. Given the limited fiscal capacity of small economies, subsidy budgets
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ramp down over time, testing the system’s ability to self-sustain hydrogen adoption. This
reflects a real-world situation in which small markets cannot indefinitely maintain high
subsidy levels, making early momentum crucial. In addition, H2 fuel costs are modeled
with strong sensitivity to demand (via economies of scale), as small economies cannot rely
on large-scale domestic production. Instead, small increases in demand can either unlock
cost reductions or keep costs high if adoption stalls.

The model also considers cross-technology competition. Competition between ICE,
BEV, and H2 fleets is explicitly modeled through the general attractiveness indicators.
Because the total renewal demand is relatively low in small economies, even modest shifts
in attractiveness (caused by costs, infrastructure, or subsidies) can lead to disproportionately
large swings in fleet composition. For instance, if hydrogen’s attractiveness is penalized
by lack of infrastructure, renewal demand quickly shifts to ICEs or BEVs. This behavior is
more visible in small markets, where fleet renewal opportunities are fewer and less evenly
distributed. Additional aspects of the model will be presented and discussed in detail.

3.2.1. Sub-Models: Fleet Renewal and Acquisition

The H2 fleet and infrastructure sub-model (Figure 2) reflects the co-evolution of
hydrogen-powered heavy trucks and the refueling infrastructure required to support
them. It formalizes the interdependencies between fleet growth, infrastructure sufficiency,
government policy support, and cost evolution, with the aim of identifying bottlenecks and
leverage points for accelerating hydrogen adoption.

 

Figure 2. H2 fleet and infrastructure sub-model.
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At the center of the sub-model are two stock variables: current H2 fleet size and H2
fueling stations’ current quantity. The model assumes that the pace of hydrogen fleet
expansion is constrained not only by costs and policy incentives but also by the timely
rollout of sufficient fueling infrastructure. The fleet of H2 trucks evolves through H2
renewal (inflow) and H2 disposal (outflow). Renewal depends on the pool of vehicles
available for replacement (fleet for renewal), moderated by the H2 general attractiveness
index. Disposal is determined by the interaction between H2 trucks’ initial lifespan and H2
trucks’ current lifespan, allowing the model to capture expected improvements in vehicle
durability over time. Government subsidies per H2 truck reduce effective acquisition costs
through the H2 government subsidy multiplier, further influencing renewal rates. Fleet
stock thus reflects both market-driven and policy-driven adoption of hydrogen trucks.

Acquisition costs are determined by three interacting multipliers: the H2 cost multi-
plier (representing economies of scale), the H2 technology multiplier (representing techno-
logical progress and production improvements), and the H2 government subsidy multiplier
(representing direct financial support). Together, they define H2 acquisition cost evolution,
which scales initial H2 acquisition costs into current H2 acquisition costs. These costs feed
back into adoption attractiveness and thus affect renewal dynamics.

Fueling infrastructure evolves via the current stock of H2 fueling stations, which
increases through H2 fuel station additions. Station growth is constrained by the H2
fueling station capex, government subsidies per year, and possible private co-funding.
The construction process includes H2 station build time delays, reflecting real-world
lags between investment decisions and operational stations. Infrastructure sufficiency is
assessed based on H2 fueling station needs, which are determined jointly by fleet demand
(via H2 trucks per station capacity) and regulatory requirements (via the requirement for
H2 fueling stations per 100 km across the current road lengths accessible to heavy trucks).
The ratio of actual stations to required stations defines H2 infrastructure coverage. If
station rollout lags behind demand, the H2 infrastructure penalty multiplier reduces fleet
attractiveness, thereby balancing adoption rates.

Thus, there are two core feedback loops representing H2 fleet and infrastructure sub-
models: the reinforcing loop, where growth in the H2 fleet increases station demand, and
the balancing loop, where insufficient fueling infrastructure relative to fleet size reduces at-
tractiveness, decreasing the rate of renewal until investment catches up. These loops reflect
the nature of H2 adoption. Strong early investments in infrastructure and subsidies can gen-
erate strong growth, while delays may lock the system into persistent underdevelopment.

The BEV fleet sub-model (Figure 3) represents the dynamics of battery electric heavy
truck adoption, replacement, and cost evolution. Its purpose is to capture how economic
factors, technological improvements, and government subsidies jointly determine the scale
and pace of BEV penetration into the national heavy-duty transport fleet.

At the center of the sub-model is the current stock BEV fleet size, which changes
through two main flows: BEV renewal (inflow) and BEV disposal (outflow). Together, these
flows represent the replacement of retired internal combustion or aging BEVs with new
BEV trucks, as well as the retirement of BEVs at the end of their lifespan. Fleet growth
occurs through BEV renewal, which is influenced by the attractiveness of BEVs relative to
competing technologies (ICEs and H2). The pool of vehicles eligible for replacement (fleet
for renewal) interacts with the BEV general attractiveness coefficient, which allocates shares
of renewals to BEVs. The BEV disposal flow is determined by BEV trucks’ initial lifespan
and their dynamic adjustment via BEVs’ lifespan advancement, capturing technological
progress in durability. This allows the model to reflect longer lifetimes expected from
maturing BEV technologies.
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Figure 3. BEV fleet sub-model.

The decision to adopt BEVs is significantly influenced by acquisition costs. These costs
evolve through three multipliers: the BEV cost multiplier, the BEV technology multiplier,
and the BEV government subsidy multiplier. Together, they define BEVs’ acquisition cost
evolution, which adjusts BEVs’ initial acquisition costs to BEVs’ current acquisition costs.
This cost feeds directly back into fleet attractiveness and renewal dynamics. The sub-model
includes reinforcing and balancing feedback structures, including a reinforcing adoption
loop (growth in the BEV fleet drives economies of scale, reduces acquisition costs, and
increases attractiveness, thereby stimulating further adoption) and a balancing durability
loop (as lifespans extend, disposal rates decline, slowing the renewal cycle).

The ICE fleet sub-model (Figure 4) represents the dynamics of internal combustion
engine heavy trucks, which currently dominate freight transport but are expected to
decline as alternative technologies penetrate the market. This sub-model captures both the
inertia of the existing ICE fleet and the pressures driving its gradual reduction, including
technological substitution, cost increases, and regulatory constraints.

Figure 4. ICE fleet sub-model.

At the center of the model is the current stock ICE fleet size, which is regulated by
ICE renewal (inflow) and ICE disposal (outflow). These flows determine how the existing
ICE stock is maintained, replaced, or phased out in response to changing economic and
regulatory conditions. The ICE fleet increases through ICE renewal, which is influenced
by the pool of vehicles eligible for replacement (fleet for renewal) and the ICE general
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attractiveness coefficient. This attractiveness index reflects the comparative competitive-
ness of ICE vehicles relative to BEV and H2 alternatives. At the same time, the stock
decreases through ICE disposal, which is determined by ICE trucks’ lifespan. Together,
these dynamics reflect the gradual turnover of the fleet as trucks reach their end of life and
are replaced by either new ICE vehicles or alternative technologies.

The sub-model incorporates cost pressures that make ICE trucks less attractive over
time. ICE initial acquisition costs serve as a baseline adjusted by two multipliers: the
ICE cost multiplier, which reflects general market effects, such as scale and elasticity,
and the emission regulation compliance costs multiplier, which captures the impact of
increasingly stringent environmental policies that impose additional costs on ICE vehicles.
Together, these define ICEs’ acquisition cost evolution, which generates ICEs’ current
acquisition costs. Rising compliance costs are particularly important, as they represent
external pressures from regulation that accelerate the relative decline of ICEs’ viability
compared to BEV and H2 alternatives.

The sub-model contains two key feedback loops: a reinforcing loop, in which a large
existing ICE fleet moves to continued renewal and slower decline, delaying the uptake of
alternatives, and a balancing loop of regulation and costs, where increasing compliance
costs reduce attractiveness, accelerating substitution with BEV and H2 trucks.

The general fleet renewal process sub-model (Figure 5) establishes the mechanism
through which the overall heavy truck fleet is replaced and expanded over time. It links
the evolution of the total fleet size with the renewal demand that drives the adoption of
ICE, BEV, and H2 trucks. This structure ensures that technology-specific fleet dynamics are
embedded within the broader system of fleet turnover and growth.

 

Figure 5. General fleet renewal sub-model.

The sub-model centers around the fleet for renewal, which represents the number
of vehicles eligible to be replaced in any given period. This pool is shaped by two main
drivers: fleet growth and vehicle disposal. The fleet size forecast determines how many
new vehicles are required to meet increasing transportation demand. Meanwhile, ICE
disposal, BEV disposal, and H2 disposal contribute to the stock of vehicles that reach their
end of life and must be replaced. Fleet renewal demand arises through two channels: end-
of-life replacement and additional demand from fleet growth. Together, these components
generate the flow of vehicles available for replacement each year.

The initial fleet size is composed of three technology-specific initial stocks: ICE initial
fleet size, BEV initial fleet size, and H2 initial fleet size. These serve as the starting point for
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the total fleet in the simulation. The current fleet size is calculated as the sum of the three
technology-specific fleet stocks (current ICE fleet size, current BEV fleet size, and current
H2 fleet size). This ensures consistency between the technology sub-models and the overall
fleet structure.

The fleet for renewal feeds into the renewal inflows of each technology-specific fleet
sub-model (ICE renewal, BEV renewal, and H2 renewal). The share of renewal allocated to
each drivetrain is determined by its respective attractiveness indices (acquisition, main-
tenance, and fuel factors). This creates a dynamic allocation mechanism wherein the
composition of the new fleet reflects the relative competitiveness of the three technologies.

This sub-model acts as the interface between overall fleet dynamics and technology-
specific adoption pathways. Without it, each technology could be modeled in isolation,
but the renewal structure ensures that adoption is constrained by real-world fleet turnover
cycles. It also enables scenario analysis of demand-side drivers, such as higher or lower
rates of fleet growth, and their interaction with technology.

The acquisition factor attractiveness sub-model (Figure 6) captures the comparative
role of purchase costs in shaping technology choice between ICE, H2, and BEV heavy
trucks. Because acquisition costs represent one of the largest upfront barriers to technology
adoption, this sub-model is a key component in determining the distribution of new fleet
purchases across the three competing drivetrain options.

 

Figure 6. Acquisition factor attractiveness sub-model.

The sub-model allocates attractiveness shares to each technology by comparing its
current acquisition costs. Three variables (ICE acquisition factor attractiveness, H2 acqui-
sition factor attractiveness, and BEV acquisition factor attractiveness) are calculated in
relative terms. This means that a reduction in one technology’s acquisition costs increases
its attractiveness while simultaneously decreasing the attractiveness of the alternatives. The
three factors always sum to unity, ensuring that all fleet renewal demand is allocated among
ICE, BEV, and H2 options. Each attractiveness variable is directly linked to the respective
current acquisition costs. For example, when H2 current acquisition costs decline due to
government subsidies, technological learning, or economies of scale, H2 acquisition factor
attractiveness increases. This change reallocates part of the renewal demand away from
ICEs and BEVs towards hydrogen trucks. Similarly, rising ICE current acquisition costs,
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driven by compliance costs or elasticity effects, reduce ICE acquisition factor attractiveness
and redirect demand to alternatives.

This sub-model introduces a competitive balancing mechanism between the three
technologies. Unlike isolated fleet sub-models, where adoption dynamics are determined
independently, the acquisition attractiveness structure forces direct interaction. A change
in one technology’s acquisition costs always redistributes attractiveness among all three
options, ensuring that competition for market share is important to the system. The
following formulas demonstrate the approach to calculating the most important variables
within the fleet renewal and acquisition sub-model.

Msub
H2 = 1 − SH2

CH2,0
(1)

EH2 =
√

Msub
H2 · Mcos t

H2 · Mtech
H2 (2)

CH2 = EH2 · CH2,0 (3)

Aacq
H2 =

1
CH2

1
CH2

+ 1
CBEV

+ 1
CICE

(4)

where Msub
H2 is the government subsidy multiplier; SH2 is government subsidies per H2

truck (EUR per truck); CH2,0 is the initial acquisition cost of an H2 truck (EUR per truck);
Mcost

H2 is the cost multiplier from fleet scaling effects; Mtech
H2 is the technology improvement

multiplier; EH2 is the H2 acquisition cost evolution factor; CH2 is the current acquisition
cost of an H2 truck (EUR per truck); CBEV is the current acquisition cost of a BEV truck
(EUR per truck); CICE is the current acquisition cost of an ICE truck (EUR per truck); and
Aacq

H2 is the acquisition factor attractiveness of H2 trucks.

3.2.2. Sub-Model: Fuel-Factor Attractiveness

The fuel-factor attractiveness sub-model (Figure 7) represents the impact of energy
costs on the relative competitiveness of ICE, BEV, and H2 trucks. Because fuel expenditures
constitute a significant share of total cost of ownership in heavy freight transport, their
dynamic evolution strongly influences technology adoption. This sub-model links demand
for energy carriers with fuel price evolution, cost reductions, and final attractiveness indices
that directly affect fleet renewal decisions.

Hydrogen demand arises from two primary sources: industrial uses and transportation
needs. H2 current industrial needs evolve over time from an initial baseline (H2 initial
industrial needs) and represent non-transport uses, such as steel or chemical production.
H2 current transportation needs are determined by the size of the hydrogen truck fleet
(current H2 fleet size), their annual mileage (annual km per truck), and specific energy
consumption per distance traveled (H2 trucks’ current consumption). Together, these
demands sum into the H2 total current needs of a country. The total demand is then used
to determine H2 current fuel costs, which are modeled as a function of the initial fuel
price (H2 initial fuel costs) and cumulative demand. This structure incorporates a cost-
reduction mechanism; as demand doubles, costs decline according to a specified H2 cost
reduction learning parameter. This captures economies of scale, technological advancement,
and infrastructure deployment effects that are typical in energy transition pathways. An
additional refinement is applied for hydrogen, where current adjusted H2 fuel costs reflect
not only the per-kilogram fuel price but also the per-distance consumption rate of trucks.
This enables direct comparison with ICE and BEV costs expressed per 100 km traveled,
aligning fuel factors with real-world operational expenditure.



Sustainability 2025, 17, 11272 17 of 33

Figure 7. Fuel-factor attractiveness sub-model.

For internal combustion engine trucks, ICE current fuel costs are derived from ICE
initial fuel costs and an exogenous ICE fuel cost evolution trajectory. Similarly, BEV current
fuel costs are determined by BEV initial fuel costs adjusted by BEV fuel costs’ evolution.
These trajectories capture expected long-term changes in fuel and electricity prices, includ-
ing possible volatility in fossil fuels and gradual declines in electricity generation costs.

The sub-model calculates three attractiveness indices: ICE fuel-factor attractiveness,
BEV fuel-factor attractiveness, and H2 fuel-factor attractiveness. Each index is expressed in
relative terms, with the sum of the three equal to unity. This ensures that as one technology’s
fuel costs decrease, its attractiveness increases proportionally, while the others decline.
These indices are then fed into the fleet renewal sub-model to determine the allocation of
new vehicles.

The sub-model introduces a crucial reinforcing feedback loop for hydrogen. As
the H2 fleet expands, transportation demand grows, increasing total hydrogen demand.
Higher demand leads to cost reductions (via the learning curve), which further enhance
the attractiveness of hydrogen trucks. Conversely, if adoption remains low, hydrogen
costs decline more slowly, reducing competitiveness and potentially delaying market
penetration. For ICE trucks, balancing feedback is present. Rising fossil fuel costs reduce
attractiveness over time, favoring a transition to alternatives. The sub-model ensures that
technology competition accounts for operational costs, not just acquisition or maintenance.
By embedding learning effects, demand interactions, and energy market trajectories, it
provides a realistic mechanism for simulating how the total cost of ownership influences
adoption. The following formulas demonstrate the approach to calculating the most
important variables within the sub-model.

DH2,trans = NH2 · K · CH2 (5)

DH2,tot = DH2,ind + DH2,trans (6)

pH2 = pH2,0 · (
DH2,tot

DH2,ind,0+DH2,trans,0
)

ln (1−λ)
ln (2) (7)

C(100)
H2 = pH2 · cH2 (8)
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AH2 =

1

C(100)
H2

1

C(100)
BEV

+ 1

C(100)
H2

+ 1

C(100)
ICE

(9)

where NH2 is the H2 truck fleet size (vehicles); K is the annual distance per truck (km); cH2

is H2 consumption (kg per 100 km); DH2,trans is hydrogen demand in transport (kt per year);
DH2,ind is hydrogen demand in industry (kt per year); DH2,tot is total hydrogen demand (kt
per year); pH2,0 is the initial hydrogen fuel price (EUR per kg); pH2 is the current hydrogen
fuel price (EUR per kg); λ is the learning rate; C100

H2 is the H2 fuel cost per 100 km (EUR per
100 km); C100

BEV is the BEV fuel cost per 100 km (EUR per 100 km); C100
ICE is the ICE fuel cost

per 100 km (EUR per 100 km); and AH2 is the H2 fuel-factor attractiveness share.

3.2.3. Sub-Model: Maintenance Factor Attractiveness

The maintenance factor attractiveness sub-model (Figure 8) accounts for differences
in upkeep and service costs between ICE, BEV, and H2 trucks and translates these costs
into relative attractiveness indices. Maintenance expenditures are a major component of
total cost of ownership in heavy freight, and they evolve differently across technologies
depending on technological maturity, fleet size effects, and economies of scale. By capturing
these dynamics, this sub-model provides another dimension of competitiveness beyond
acquisition and fuel costs.

 

Figure 8. Maintenance factor attractiveness sub-model.

The sub-model begins with baseline parameters for initial maintenance, BEV initial
maintenance, and H2 initial maintenance. These are adjusted by cost multipliers that
reflect changes over time due to fleet scale and learning effects. Specifically, the ICE
maintenance cost multiplier, the BEV maintenance cost multiplier, and the H2 maintenance
cost multiplier are functions of the ratio between current fleet size and initial fleet size,
moderated by a market elasticity parameter. This structure reflects the expectation that as
fleets expand, per-vehicle maintenance costs decline through economies of scale, specialized
services, and supply chain learning. Conversely, small or shrinking fleets may experience
relatively higher costs due to limited-service networks.

Applying the multipliers impacts ICE current maintenance costs, BEV current main-
tenance costs, and H2 current maintenance costs. These represent the per-vehicle annual
expenditure associated with upkeep, repairs, and service contracts under evolving condi-
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tions of fleet size and technological advancement. The framework ensures that these costs
remain endogenous to fleet dynamics, rather than exogenous assumptions.

Based on current costs, the sub-model derives attractiveness indices: ICE maintenance
factor attractiveness, BEV maintenance factor attractiveness, and H2 maintenance factor
attractiveness. As in the acquisition and fuel sub-models, these indices are expressed in
relative terms such that they sum to one. This ensures direct competition—a decline in BEV
maintenance costs not only increases BEVs’ attractiveness but simultaneously reduces the
shares of ICE and H2.

This sub-model contains reinforcing loops that support technology diffusion. For
example, as the H2 fleet expands, the H2 maintenance cost multiplier decreases, lowering
H2 current maintenance costs and increasing attractiveness. This, in turn, promotes further
adoption. The same mechanism applies for BEV2. In contrast, if ICE fleets decline, the
shrinking scale can increase maintenance costs, lowering attractiveness and reinforcing the
shift to alternatives. The following formulas demonstrate the approach to calculating the
most important variables within the sub-model.

MH2 = ( NH2
NH2,0

)−ε (10)

Cmaint
H2 = Cmaint

H2,0 · MH2 (11)

Amaint
H2 =

1
Cmaint

H2
1

Cmaint
ICE

+ 1
Cmaint

BEV
+ 1

Cmaint
H2

(12)

where NH2 is the current fleet size of hydrogen (H2) heavy trucks (vehicles); NH2,0 is the
initial fleet size of hydrogen heavy trucks (vehicles); ε is the market elasticity parameter;
Cmaint

H2 is the current average annual maintenance cost per H2 truck (EUR); Cmaint
H2,0 is the

initial average annual maintenance cost per H2 truck (EUR); Cmaint
ICE is the current average

annual maintenance cost per ICE truck (EUR); Cmaint
BEV is the current average annual mainte-

nance cost per BEV truck (EUR); MH2 is the hydrogen truck maintenance cost multiplier;
and Amaint

H2 is the maintenance factor attractiveness of H2 trucks.

3.2.4. Sub-Model: General Attractiveness

The general attractiveness sub-model (Figure 9) integrates the three key dimensions of
competitiveness (acquisition costs, fuel costs, and maintenance costs) into overall attrac-
tiveness indices for ICE, BEV, and H2 trucks. These indices act as the decisive variables
that allocate the fleet for renewal across technologies, making this sub-model the central
decision-making layer of the system.

The sub-model begins by calculating initial scores for each technology: initial ICE
score, initial BEV score, and initial H2 score. These scores are weighted sums of the three
attractiveness factors (acquisition, fuel, and maintenance), each adjusted by technology-
specific weighting parameters. The weights allow policymakers or analysts to emphasize
certain cost categories over others, reflecting differing priorities across scenarios (e.g., fuel
costs under volatile energy markets, acquisition costs under high subsidy policies).

For H2 trucks, attractiveness is additionally moderated by the H2 infrastructure
penalty multiplier. This penalty reflects the reality that even if hydrogen trucks are cost-
competitive, their attractiveness declines if fueling infrastructure is insufficient. The result
is a current H2 score that may be lower than the initial score if infrastructure development
lags behind fleet expansion. This ensures that physical limitations constrain adoption
pathways in a realistic manner.
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Figure 9. General attractiveness sub-model.

Once adjusted, each technology receives a current score: a current ICE score, a current
BEV score, and a current H2 score. These scores represent the effective attractiveness of
each indicator, incorporating both cost competitiveness and infrastructure availability. For
BEV and ICE, scores are normalized through the BEV and ICE denomination variable to
maintain balance in their allocation when hydrogen’s attractiveness is penalized.

Finally, the sub-model calculates the general attractiveness indices: ICE general attrac-
tiveness, BEV general attractiveness, and H2 general attractiveness. These are expressed
in relative terms and always sum to one, ensuring that all renewal demand is distributed
across the three technologies. If hydrogen loses attractiveness due to high costs or poor
infrastructure, the corresponding share is automatically reallocated to ICEs and BEVs.
Conversely, if costs and infrastructure improve, hydrogen can capture an increasing share
of renewals.

The structure introduces an important balancing mechanism: lost from H2. If hydro-
gen’s attractiveness is reduced by the infrastructure penalty, the “lost” attractiveness is
redistributed to BEVs and ICEs. This ensures that renewal demand is never left unallocated
while simultaneously highlighting the competitive dynamics between drivetrains.

This sub-model functions as the integrative hub of the entire system. It brings together
the outputs of the acquisition, fuel-factor, and maintenance attractiveness sub-models,
adjusts them for infrastructure availability, and produces the final attractiveness indices
that determine technology adoption. In doing so, it ensures that adoption pathways reflect
a realistic combination of cost, infrastructure, and serviceability considerations. In scenario
simulations, the general attractiveness framework enables exploration of how shifts in
weights, infrastructure investments, or cost trajectories alter the relative competitiveness
of ICE, BEV, and H2 trucks and thus the overall pace of fleet transition. The following
formulas demonstrate the approach to calculating the most important variables within
the sub-model.

Cinfra
H2 = min(1, QH2

max(10−6,Nneed
H2 )

) (13)

Minfra
H2 =

(
Cinfra

H2
) 1

ε (14)

SH2,0 = wfuel · Afuel
H2 + wmaint · Amaint

H2 + wacq · Aacq
H2 (15)
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SH2 = Minfra
H2 · SH2,0 (16)

Agen
H2 = SH2

SH2+SBEV+SICE
(17)

where Cin f ra
H2 is infrastructure coverage; QH2 is the current number of H2 fueling stations

(stations); Nneed
H2 is the required number of H2 fueling stations (stations); ε is the market

elasticity parameter; Min f a
H2 is the infrastructure penalty multiplier; SH2,0 is the initial H2

score before infrastructure adjustment; w f uel , wmaint, wacq are weights for fuel, maintenance,

and acquisition attractiveness factors; A f uel
H2 is the fuel-factor attractiveness of H2 trucks;

Amaint
H2 is the maintenance factor attractiveness of H2 trucks; Aacq

H2 is the acquisition factor at-
tractiveness of H2 trucks; SH2 is the current H2 score adjusted for infrastructure; SBEV , SICE

are current BEV and ICE scores; and Agen
H2 is the general attractiveness of H2 trucks.

4. Scenario Simulations
This section presents scenario simulations designed to explore possible transition

pathways for heavy-duty truck fleets in a small economy. The model distinguishes between
fixed variables, which define the structural baseline of the sector, and simulation variables,
which reflect policy choices, market uncertainties, and technological developments. By
systematically varying these inputs across three scenarios (H2-favorable, balanced, and
market-led), the analysis highlights how different strategies and policy intensities can
shape the pace and structure of fleet decarbonization. This approach allows for a compara-
tive assessment of the roles of hydrogen and battery electric technologies under realistic
economic and infrastructural constraints.

4.1. Fixed Variables

The first group of variables in the model defines the baseline conditions of the heavy-
duty truck sector in a small economy (Table 1). These inputs establish the structural and
technological context from which all scenario simulations evolve. They are considered
fixed because they represent fundamental characteristics of the market and technologies,
rather than policy instruments or uncertain future dynamics.

Several variables capture the costs of ownership related to maintenance. The initial
maintenance costs for ICE, BEV, and H2 trucks are essential for reflecting differences in
technological maturity and service infrastructure. ICE trucks benefit from established
service networks, whereas BEVs typically incur lower maintenance due to fewer moving
parts. In contrast, hydrogen trucks face higher costs in early stages, owing to limited-service
capacity and supply chain immaturity.

Another set of variables focuses on vehicle lifespans and technological improvements.
The advancement of BEV lifespans captures expectations that electric trucks will gradually
achieve greater durability as battery technologies mature. Similarly, production technology
improvement rates for BEV and H2 trucks represent learning by doing and manufacturing
efficiency gains that reduce costs over time.

Acquisition costs for ICE, BEV, and H2 trucks serve as critical baseline indicators of
capital expenditure for fleet operators. These values set the starting point for attractiveness
comparisons and strongly influence adoption decisions. ICE acquisition costs reflect current
market averages, while BEV and H2 costs are associated with early-stage technologies.

The infrastructure-related variables include the time required to build a hydrogen
refueling station and the initial number of stations available. The station building time
introduces delays that constrain the pace of infrastructure rollout, while the initial station
quantity reflects the very limited coverage typical of small economies. Road coverage ad-
vancement represents the gradual expansion of truck-accessible road networks, influencing
long-term infrastructure requirements.
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Table 1. Model fixed variables.

Num. Variables Units Base Value Explanation and Source

1 ICE Initial Maintenance EUR/truck per year 15,000 Annual maintenance of heavy ICE truck
[37].

2 H2 Initial Maintenance EUR/truck per year 20,000 Annual maintenance of heavy H2 truck [38].

3 BEV Initial Maintenance EUR/truck per year 12,000 Annual maintenance of heavy BEV truck
[39].

4 BEV Lifespan
Advancement Years 0.2 Relative improvement over time of BEV

trucks [37].

5 BEV Truck Production
Technology Improvement Percent 3–5% Reflects gradual manufacturing efficiency

gains of BEV trucks [37].

6 BEV Initial Acquisition
Costs EUR/truck 350,000 Market value of heavy BEV truck [38].

7 ICE Initial Acquisition
Costs EUR/truck 120,000 Market value of heavy ICE truck [37].

8 H2 Initial Acquisition
Costs EUR/truck 450,000 Market value of heavy H2 truck [38].

9 H2 Station Build Time Years 2 Typical permitting and construction lag of a
station [40].

10 Road Coverage
Advancement Kilometers 500

Estimated as 0.5% of year-over-year
increase for modeling purposes based on

current road coverage [41].

11
Emission Regulation

Compliance Costs
Multiplier

Percent 15–40%
Adopted for modeling purposes to

demonstrate gradual changes from +15%
until 2030 to +40% after 2040 [42].

12 H2 Truck Production
Technology Improvement Percent 3–5%

Adopted for modeling purposes to
demonstrate gradual changes from 5% until

2030 to 3% after 2040 [43].

13 Fleet Size Growth Percent 1–2.5%
Adopted for modeling purposes to

demonstrate gradual changes from 2.5%
until 2030 to 1% after 2040 [44].

14 ICE Initial Fleet Size Trucks 9000 Registered heavy ICE trucks in a country,
estimated for domestic usage purposes [45].

15 BEV Initial Fleet Size Trucks 50 Registered heavy BEV trucks in a country,
estimated for domestic usage purposes [46].

16 H2 Initial Fleet Size Trucks 5 Registered heavy H2 trucks in a country,
estimated for domestic usage purposes [40].

17 H2 Fuel Stations Initial
Quantity Stations 1 Initial number of stations in a country [47].

Two variables account for regulatory and market dynamics. The emission regulation
compliance costs multiplier represents the effect of tightening EU standards on ICE truck
ownership costs, ensuring that regulatory pressure is reflected in long-term adoption pat-
terns. Market elasticity captures how maintenance and acquisition costs respond to changes
in fleet size, an important factor in small economies, where scale effects are amplified.

Finally, fleet size and growth variables provide the baseline composition and ex-
pansion of the heavy truck sector. Initial fleet sizes for ICEs, BEVs, and H2 define the
starting conditions of the model, while fleet size growth reflects long-term increases in
freight demand.

It should be noted that not all input variables are directly available from official
statistics, databases, or prior research. In system dynamics modeling, it is common to
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combine empirically observed data with carefully reasoned estimates. In such cases, values
were estimated based on international benchmarks and adapted to reflect the specific
economic and infrastructural conditions of a small economy like Latvia. These assumptions
ensure the internal consistency of the model while maintaining plausibility within the
context of European heavy-duty transport markets.

4.2. Simulation Variables

The second group of variables in the model captures inputs that are subject to policy
decisions, market uncertainties, or technological development trajectories (Table 2). Unlike
fixed parameters, these variables are varied in scenario simulations to explore how different
policy pathways and market conditions may influence the transition of the heavy truck
fleet in a small economy.

Table 2. Model simulation variables.

Num. Variables Units Simulation Range Explanation

1 Government Subsidy
per BEV Truck EUR/truck 0–150,000

One-time purchase subsidy. Gradual
changes starting from higher amount

until 2030 to no subsidy after 2040.

2 Government Subsidy
per H2 Truck EUR/truck 0–150,000

One-time purchase subsidy. Gradual
changes starting from higher amount

until 2030 to no subsidy after 2040.

3
H2 Fueling Station

Government Subsidy
per Year

Million EUR 1–6
Gradual changes starting from higher

amount until 2030 to no subsidy
after 2040

4 H2 Fueling Station
Private Co-funding Million EUR 1–6 Annual private investments.

5 H2 Industrial Needs
Evolution Percent 2–10%

Gradual changes starting from lower
increase until 2030 to higher increase

after 2040.

6 H2 Costs Reduction Percent 10–25% Assumed cost drop per cumulative
doubling of demand for H2.

7 Weight Acquisition Index 0–1 Relative importance in attractiveness.
Proportion changes over the years.

8 Weight Maintenance Index 0–1 Relative importance in attractiveness.
Proportion changes over the years.

9 Weight Fuel Index 0–1 Relative importance in attractiveness.
Proportion changes over the years.

10 Market Elasticity Index 0.1–0.5 Indicates how sensitive costs are to
changes in fleet size.

The first category relates to direct subsidies for vehicle acquisition. Government
subsidies for BEV and H2 trucks play a crucial role in bridging the cost gap between new
technologies and conventional ICE trucks. By reducing purchase costs, subsidies accelerate
adoption, particularly in small markets where operators are highly sensitive to capital
expenditure. These variables belong to the BEV and H2 fleet sub-models, respectively.

The second category addresses support for hydrogen infrastructure. The annual
government subsidy for fueling station deployment represents the state’s role in covering
the high fixed costs of building a hydrogen refueling network. In small economies, public
funding is essential to overcome low initial demand and limited private investment appetite.
Private co-funding captures the share of investment provided by industry stakeholders,
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such as energy utilities, fuel suppliers, or logistics operators. Together, these two variables
determine the pace and scale of hydrogen station rollout.

Another important driver is industrial hydrogen demand evolution, which represents
the rate at which non-transport sectors increase their use of hydrogen. Industrial demand
is critical because it creates economies of scale that can lower hydrogen costs for transport
applications. This variable belongs to the fuel-factor attractiveness sub-model.

The hydrogen cost reduction rate is closely related, representing the extent to which
hydrogen fuel prices decline as cumulative demand increases. This variable captures global
technological progress, scale-up of production, and infrastructure learning. It is particularly
relevant in small economies, where domestic demand alone is insufficient to drive cost
reductions, making international development crucial.

Finally, the model incorporates weights for acquisition, maintenance, and fuel costs.
These three variables determine the relative importance assigned to different cost categories
in the calculation of general attractiveness. They reflect fleet operator decision-making
behavior and vary across contexts depending on operator priorities, market conditions,
and fuel price volatility. These variables belong to the general attractiveness sub-model.

Together, these scenario variables enable the model to explore a range of possible
futures. By adjusting subsidy levels, infrastructure funding, industrial demand growth,
learning rates, and decision-making weights, it becomes possible to simulate how small
economies might follow divergent pathways in transitioning their heavy truck fleets to
alternative technologies.

4.3. Simulation Results

Three scenarios are reviewed for simulation purposes: an H2-favorable scenario with
accelerated infrastructure rollout, a balanced scenario with dual-track push (BEV and H2
support), and a market-led scenario with fiscal tightening (Table 3).

Table 3. Simulation scenarios.

Num. Variables H2-Favorable Scenario Balanced Scenario Market-Led Scenario

1 Government Subsidy per
BEV Truck (EUR/truck) 40,000/20,000/0/0 100,000/80,000/40,000/0 30,000/20,000/0/0

2 Government Subsidy per
H2 Truck (EUR/truck) 120,000/100,000/80,000/60,000 120,000/100,000/60,000/40,000 60,000/40,000/20,000/0

3
H2 Fueling Station

Government Subsidy per
Year (Million EUR)

6/5/4/3 6/4/3/1 1/1/0.5/0

4 H2 Fueling Station Private
Co-funding (Million EUR) 3.5 3 2

5 H2 Industrial Needs
Evolution (Index) 0.04/0.05/0.06/0.08 0.02/0.04/0.06/0.08 0.02/0.03/0.04/0.06

6 H2 Costs Reduction
(Percent) 25% 20% 12%

7 Weight Acquisition
(Index) 0.30/0.40/0.50/0.65 0.20/0.35/0.45/0.65 0.30/0.40/0.50/0.60

8 Weight Maintenance
(Index) 0.40/0.35/0.30/0.20 0.50/0.40/0.35/0.20 0.40/0.35/0.30/0.25

9 Weight Fuel (Index) 0.30/0.25/0.20/0.15 0.30/0.25/0.20/0.15 0.30/0.25/0.20/0.15

10 Market Elasticity (Index) 0.40 0.35 0.15

The H2-favorable scenario reflects a strategic policy push in a small economy context,
where hydrogen is prioritized as a key technology for decarbonizing heavy transport.
Hydrogen trucks receive the highest and longest-lasting subsidies, complemented by
substantial public and private investment in fueling infrastructure. Industrial hydrogen
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demand grows rapidly, creating economies of scale that accelerate cost reductions, while
market elasticity ensures that unit costs decline significantly as fleet size expands. Battery
electric trucks receive more limited and short-lived support, resulting in slower relative
growth compared to hydrogen. Fleet attractiveness is increasingly shaped by acquisition
incentives and technology improvements, which make H2 trucks competitive within the
simulation horizon. This scenario illustrates a market outcome where hydrogen emerges as
a dominant or co-dominant zero-emission option, supported by strong policy frameworks
and industrial synergies, even within the constraints of a small economy.

The balanced scenario pursues an ambitious decarbonization pathway. Strong sub-
sidies for both BEV and H2 trucks are provided until 2035, gradually tapering by 2040.
Substantial public funding and private co-investment drive accelerated deployment of
H2 refueling infrastructure, while industrial hydrogen demand grows steadily. Faster
technology learning and stronger economies of scale (higher elasticity) lead to significant
reductions in acquisition and maintenance costs. As a result, both BEV and H2 trucks
become competitive alternatives to ICE, creating a balanced market transition.

The market-led scenario reflects a future where government support for zero-emission
trucks is reduced earlier due to fiscal constraints or shifting policy priorities. Subsidies
for BEV and H2 trucks decline rapidly, and infrastructure development relies more on
private co-funding, which limits expansion speed. Industrial hydrogen demand grows
more slowly, resulting in weaker cost reductions (low elasticity). Acquisition costs remain
relatively high, slowing adoption of new technologies. In this context, ICE trucks retain a
stronger market presence for longer, and the transition to zero-emission fleets is delayed
compared to other scenarios.

In the H2-favorable scenario (Figure 10), the country pursues an ambitious hydrogen
strategy backed by strong subsidies, accelerated infrastructure rollout, and rapid industrial
demand growth. ICE trucks decline steadily, with general attractiveness falling from 0.48
in 2025 to just 0.07 by 2055, reflecting tightening regulations and competitiveness. BEVs
initially dominate the zero-emission market due to technological maturity and operating
cost advantages. Their attractiveness peaks at 0.73 in the early 2030s but begins to decline
as hydrogen infrastructure expands and acquisition incentives remain favorable. By 2055,
BEVs’ attractiveness stabilizes around 0.51, leaving them in a balanced position with
hydrogen. H2 emerges as a credible competitor from the mid-2030s onward. General
attractiveness rises from near 0 in 2025 to 0.42 by 2055, driven by significant cost reductions,
high market elasticity, and an expanding network of fueling stations, which grows from a
single site in 2025 to 34 by 2043. This infrastructure ensures reliability and removes one of
the key adoption barriers in small economies. Economically, this scenario demonstrates
that strong government commitment can shift the market trajectory away from a BEV-
dominated pathway towards a dual-technology outcome. In a small country, where limited
market size constrains private investment, coordinated subsidies and industrial synergies
enable hydrogen trucks to achieve meaningful scale, ultimately balancing the fleet between
BEVs and H2.

In the balanced scenario (Figure 11), stronger government intervention and sustained
co-funding significantly accelerate the diversification of the heavy truck fleet. ICE trucks
decline more rapidly than in the conservative case, falling from 9000 in 2025 to below
700 units by 2055, while their general attractiveness drops from 0.45 to below 0.10. This
reflects rising compliance costs and declining competitiveness. BEVs remain the dominant
technology for most of the simulation period. Their attractiveness coefficient starts at 0.55 in
2025 and remains above 0.70 through the early 2030s. However, as hydrogen infrastructure
expands and production costs decrease, BEVs lose some of their relative advantage. By
2050, their attractiveness stabilizes around 0.52, with a fleet size just under 10,000 units.
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Hydrogen trucks achieve meaningful adoption under this scenario, expanding from 5 units
in 2025 to nearly 1500 by 2055. The decisive factor is infrastructure availability. The number
of fueling stations rises steadily from 1 in 2025 to 33 by 2043, after which it stabilizes.
The H2 general attractiveness coefficient follows the same trajectory, starting at near 0
but reaching 0.39 by 2055. This shows that sustained policy support and infrastructure
development are essential preconditions for hydrogen to become a viable alternative in
a small economy, where market size alone cannot trigger scale effects. Economically, this
scenario illustrates that in small economies, balanced public investment can create space for
both BEV and hydrogen trucks. While BEVs continue to dominate due to lower operating
costs and mature technology, hydrogen gradually emerges as a complementary option. The
key implication is that policy choices, not market size alone, determine whether hydrogen
will remain marginal or become a competitive part of the fleet mix.

Figure 10. Fleet size evolution under H2-favorable scenario.

Figure 11. Fleet size evolution under balanced scenario.

In the market-led scenario (Figure 12), the heavy truck sector transitions more slowly,
with government support weakening early and infrastructure development relying mainly
on private investment. ICE trucks maintain a stronger presence for longer, with general
attractiveness remaining above 0.30 even by 2055. Fleet size decreases gradually, but not as
sharply as in other scenarios, reflecting both the residual competitiveness of ICE technology
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and limited policy-driven disincentives. BEVs capture most of the market growth, with
attractiveness rising from 0.51 in 2025 to nearly 0.68 by 2055. Their fleet expands consistently,
supported by lower operating costs and the relative ease of infrastructure deployment
compared to hydrogen. The model suggests that in the absence of strong subsidies, BEVs
remain the default zero-emission option, though adoption occurs at a moderate pace due to
higher acquisition costs and slower cost reductions. H2 trucks, in contrast, fail to establish
a significant market share. Their attractiveness coefficient remains effectively zero across
the entire period, and the H2 fueling station network stagnates at only six units by 2035,
with no further expansion. This highlights the difficulty of achieving economies of scale
for hydrogen in small economies without substantial public investment. Despite rising
industrial hydrogen demand, the lack of infrastructure and weak policy signals leave H2
trucks economically unattractive. Economically, this scenario demonstrates that without
government intervention, small markets will struggle to diversify their zero-emission fleet
beyond BEVs. The risk is a single-technology pathway dominated by battery electric trucks,
with ICE trucks persisting as a fallback option. H2 remains locked out of the market,
underscoring the need for subsidies and infrastructure planning if policymakers wish to
promote a multi-technology transition.

Figure 12. Fleet size evolution under market-led scenario.

The scenario analysis highlights how policy design shapes heavy truck decarboniza-
tion in a small economy. In the market-led case, limited subsidies and infrastructure
investment leave H2 marginal, with BEVs dominating the zero-emission fleet. The bal-
anced scenario achieves diversification; BEVs remain strong, but H2 gradually expand
as subsidies and station deployment provide sufficient momentum. In the H2-favorable
scenario, sustained subsidies, rapid fueling infrastructure growth, and industrial synergies
make hydrogen a co-dominant technology by 2055, with BEV and H2 attractiveness becom-
ing comparable. Across all scenarios, ICE trucks steadily decline, but the speed and extent
of the transition depend on policy intensity. The results demonstrate that small economies
cannot rely on market forces alone to create a balanced technological mix. Proactive and
consistent state intervention is critical if H2 are to complement BEVs rather than remaining
a niche option.

4.4. Sensitivity Analysis

The sensitivity analysis was conducted to assess the robustness of the model across the
three policy scenarios by varying key parameters that directly influence hydrogen adoption
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dynamics. The selected inputs include subsidies for BEV and H2 trucks, government
and private investment in hydrogen infrastructure, the evolution of industrial hydrogen
demand, cost-reduction rates, and market elasticity. These parameters were adjusted within
realistic ranges for each scenario to reflect uncertainty in policy intensity, technological
progress, and market development. The analysis focuses exclusively on the output variable
H2 Current Fleet Size, as it represents the central objective of the study, the feasibility and
scale of hydrogen truck deployment in a small economy. By isolating this indicator, the
sensitivity analysis highlights how changes in policy and market conditions impact the
core transition pathway the model is designed to evaluate.

The sensitivity analysis for the H2-favorable scenario (Figure 13) illustrates how varia-
tions in key policy and market parameters influence the growth of the hydrogen truck fleet.
Using system dynamics sensitivity logic, multiple simulations were run by varying subsidy
levels, industrial hydrogen demand, and market elasticity within the defined ranges. The
results show a relatively narrow spread in early years, reflecting the system’s dependency
on strong initial policy support and limited infrastructure. After 2035, dispersion increases
as reinforcing loops, particularly cost-reduction effects and infrastructure-driven attractive-
ness, begin to dominate. Higher industrial demand growth and stronger infrastructure
subsidies produce the upper trajectories, while reduced subsidies and slower cost learning
form the lower band. Overall, the scenario demonstrates that hydrogen adoption in small
economies remains highly sensitive to early public investment intensity and the timing of
infrastructure rollout.

Figure 13. H2-favorable scenario sensitivity.

The sensitivity analysis for the balanced scenario (Figure 14) shows a wider dispersion
of outcomes compared to the H2-favorable case, reflecting the more moderate and evenly
distributed policy incentives. Under system dynamics logic, the model responds with
greater structural uncertainty because neither BEV nor H2 receives dominant support,
and multiple reinforcing and balancing loops compete for influence. The widening bands
after 2035 illustrate the system’s sensitivity to variations in H2 industrial demand growth,
infrastructure subsidies, and market elasticity. Higher values accelerate cost-reduction
feedback and station deployment, generating the upper trajectories, while weaker policy
inputs result in flatter adoption curves. The results highlight that in a small economy,
hydrogen uptake under a dual-technology strategy is highly dependent on consistent
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mid-term support. Without it, the system gravitates toward slower H2 growth despite
early incentives.

Figure 14. Balanced scenario sensitivity.

The sensitivity analysis for the market-led scenario (Figure 15) demonstrates very
narrow variation bands, indicating that the system is structurally insensitive to changes in
the selected parameters under weak policy support. According to system dynamics logic,
the reinforcing loops that normally accelerate hydrogen adoption remain largely inactive
because subsidies diminish early, infrastructure expansion is minimal, and industrial hy-
drogen demand grows slowly. As a result, the H2 fleet trajectory remains nearly identical
across the entire parameter range. The limited dispersion reflects a system constrained by
dominant balancing loops, particularly high acquisition costs, sparse refueling infrastruc-
ture, and low economies of scale, which prevent significant divergence in outcomes. This
scenario confirms that in small economies, hydrogen adoption will remain marginal unless
substantial, sustained policy interventions activate the reinforcing mechanisms necessary
for scale-up.

Figure 15. Market-led scenario sensitivity.
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5. Conclusions
This study has investigated the prospects and challenges of transitioning from inter-

nal combustion engine trucks to zero-emission technologies, with a particular focus on
hydrogen and battery electric vehicles in the context of a small economy.

• Based on the literature review, H2 vehicles offer distinct advantages in range, pay-
load, and rapid refueling, which make them particularly suitable for heavy-duty,
long-haul, and energy-intensive operations. However, hydrogen adoption faces per-
sistent barriers, including high acquisition costs, immature refueling infrastructure,
and competition with BEVs, which have faster technological maturity and declining
costs. Government intervention, research support, and coordinated infrastructure de-
ployment consistently emerge as decisive factors shaping hydrogen’s competitiveness.

• The expert interviews confirmed that in Latvia and the broader Baltic region, hydro-
gen technology in transport is still in its earliest stages, with production facilities
underutilized and outdated equipment in operation. Experts highlighted the lack of
clarity on whether to prioritize supply or demand, leading to hesitation in investment.
They emphasized the importance of pilot projects, cross-sector cooperation, and clear
policy incentives, including tax reductions and stricter CO2 penalties for fossil fuels.
Importantly, experts stressed that hydrogen infrastructure must serve multiple sectors
to be viable and that efficiency in utilization (minimizing idle capacity) will be essential
in small economies.

• The analysis shows that in small economies, hydrogen adoption requires conditions
that differ substantially from those of larger markets. Small fleet sizes and limited
fiscal capacity make infrastructure disproportionately costly, and subsidies cannot
be maintained indefinitely. As a result, hydrogen can only succeed if infrastructure
is planned in a coordinated manner, serving both transport and industrial sectors to
generate economies of scale. Industrial hydrogen demand thus becomes a critical
enabler for lowering costs and justifying infrastructure rollout.

• At present, BEVs remain more favorable in small economies, largely due to their lower
entry costs, wider technological maturity, and simpler charging infrastructure. This
finding is consistent with the broader literature and simulation results. In markets
with limited fleets, BEV adoption benefits from global cost trends and requires fewer
dedicated national investments compared to hydrogen. This explains why BEVs are
structurally more attractive in smaller markets, where economies of scale for hydrogen
are harder to achieve.

• For hydrogen to play a meaningful role, several conditions must change. These
include strong, sustained government subsidies in the early phases, accelerated and
coordinated deployment of refueling stations, and policies that link transport hydrogen
demand with industrial applications. Updating CO2 accounting methods to reflect
full “well-to-wheel” impacts and implementing stronger carbon penalties for ICEs
are also necessary to shift competitiveness. Without these measures, hydrogen risks
remain marginal in small economies.

• Simulation results confirm that the intensity and continuity of policy intervention
determine transition outcomes. In a market-led scenario with weak support, BEVs
dominate, and hydrogen adoption stagnates. A balanced policy mix allows both BEVs
and hydrogen to coexist, while an ambitious hydrogen-focused strategy (combining
subsidies, infrastructure rollout, and industrial demand growth) can make hydrogen a
co-dominant technology.

In conclusion, this study shows that small economies cannot rely solely on market
forces to achieve a balanced zero-emission truck transition. Proactive and carefully de-
signed policies are essential to create the conditions in which hydrogen can complement
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BEVs, rather than remaining marginal. The developed system dynamics model provides
a valuable tool for identifying leverage points, testing alternative strategies, and guid-
ing policymakers in designing transition pathways suited to the structural realities of
small markets.

While this study focuses on the conditions of a small European economy, the model’s
structure and insights are transferable to other small-market contexts with comparable
limitations in fleet size, fiscal capacity, and infrastructure investment potential. Countries
with dispersed geography, modest freight volumes, or emerging hydrogen sectors, such as
Estonia, Lithuania, Slovenia, face similar constraints that restrict economies of scale and
slow technology diffusion. Although specific parameter values would differ, the underlying
dynamics captured by the model, particularly the dependence on coordinated subsidies,
cross-sector demand, and infrastructure coverage, remain relevant and can be adapted to
guide policy design in comparable settings.

Future research could extend this model by conducting cross-country comparisons to
evaluate how different small economies respond to similar policy levers and technological
trends. Incorporating life-cycle emissions, supply-chain constraints, and upstream hydro-
gen production pathways would further enhance realism. Additionally, integrating be-
havioral factors or agent-based components could deepen understanding of fleet-operator
decision-making under uncertainty.
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