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Abstract

This study proposes a system dynamics (SD) approach to evaluate the long-term
sustainability and economic feasibility of biofuels as an alternative to fossil fuels. A Python-
based SD model will analyze diverse deployment scenarios. The analysis will incorporate
variables such as feedstock types, policy frameworks, technological advancements, and
investment rates. Environmental sustainability will be assessed through greenhouse gas
(GHG) emissions, land and water use, and biodiversity impacts. Economic feasibility will
focus on production costs, market dynamics, and return on investment (ROI). Sensitivity
analysis will identify the critical parameters that influence outcomes. The research aims to
provide actionable policy and investment recommendations by mapping trade-offs
between biofuel deployment and interconnected systems (food, water, land). Results will
highlight the optimal pathways for scaling sustainable biofuel production and identify key
tipping points in the energy transition.

Keywords: Biofuel sustainability, System dynamics modeling, Carbon pricing mechanisms,
Resource trade-off analysis, Renewable energy transition.

1. Introduction

The global energy landscape remains heavily reliant on fossil fuels, which accounted for
82% of primary energy consumption in 2022 (IEA, 2023), perpetuating profound
environmental and socio-economic challenges , the combustion of fossil fuels drives
approximately 89% of anthropogenic CO, emissions (IPCC, 2023), exacerbating climate
change, degrading air quality, and intensifying geopolitical tensions over resource access
, in response, biofuels have emerged as a renewable alternative with the potential to
decarbonize sectors such as transportation and industry , however, their scalability is
contested due to unresolved trade-offs, including competition with food production for
arable land, water-intensive cultivation practices, and volatile economic viability under
fluctuating policy regimes (Pahl-Wostl et al. 2021), for instance, first-generation biofuels
derived from crops like corn and sugarcane have been criticized for displacing food
supplies, while second-generation feedstocks, such as agricultural residues, face
technological and infrastructural barriers that hinder cost competitiveness (Quiroz et al.,
2023), these complexities underscore the need for a holistic evaluation framework
capable of capturing the dynamic interdependencies inherent in biofuel systems.

Conventional assessments of biofuel sustainability often employ static models that
oversimplify temporal feedback mechanisms, such as delayed policy impacts or
incremental technological advancements, for example, deterministic lifecycle
assessments (LCAs) frequently underestimate indirect land-use change (ILUC) emissions
by ignoring market-driven shifts in agricultural practices (Austin et al., 2022) , similarly,
techno-economic analyses tend to isolate biofuel production costs from broader systemic
variables, such as fossil fuel price volatility or evolving carbon taxation schemes (Roy and
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Tu, 2022) , this reductionist approach risks misinforming policymakers, as evidenced by
the mixed outcomes of the U.S, renewable Fuel Standard, where static projections failed
to anticipate cascading effects on global soybean markets (Taheripour et al., 2022) , to
address these limitations, this study adopts a system dynamics (SD) methodology, which
explicitly models reinforcing and balancing feedback loops across energy, environmental,
and socio-economic domains.

The primary objectives of this research are threefold, first, we develop a Python-based
SD model to simulate long-term biofuel deployment under diverse scenarios,
incorporating variables such as feedstock diversification, investment cycles, and policy
timelines, second, the model quantifies environmental trade-offs including cumulative
greenhouse gas (GHG) emissions, water stress, and biodiversity loss—alongside economic
metrics such as levelized production costs and return on investment (ROI), third, the
analysis identifies critical leverage points where targeted interventions, such as adaptive
subsidy structures or R&D prioritization, could amplify sustainability outcomes, by
integrating computational tools like PySD for equation-solving and SALib for global
sensitivity analysis, the model advances beyond prior SD applications in energy systems
(e.g., Mostafaeipour et al, 2022) by enabling high-resolution scenario testing and
uncertainty quantification.

This study contributes novel insights by bridging two methodological gaps, first, it
operationalizes Python’s open-source ecosystem to enhance the scalability and
reproducibility of SD models, a departure from proprietary software-dependent
frameworks (Toba and Nguyen, 2022), second, it explicitly incorporates indirect effects
often marginalized in mainstream analyses, such as biodiversity degradation from
monoculture expansion and feedback between biofuel mandates and food price inflation,
for instance, the model quantifies how algal biofuel adoption—while reducing land
competition—could exacerbate water scarcity in arid regions, a trade-off underexplored
in current literature (Talebi et al., 2022), by synthesizing these dimensions, the research
provides a robust evidence base for designing policies that balance decarbonization goals
with planetary boundary constraints.

2. Literature Review
The evolution of biofuels as a sustainable energy solution is inextricably linked to
advancements in feedstock diversification and regional policy frameworks. First-
generation biofuels, such as corn ethanol and sugarcane biodiesel, emerged as early
contenders due to their compatibility with existing agricultural systems. The
International Energy Agency (IEA, 2022) reported that corn ethanol constitutes 60% of
global biofuel production, driven by mandates in the U.S. and Brazil. However, the
sustainability of these fuels has been rigorously debated. Austin et al. (2022), in their
seminal paper “Use of U.S. Croplands for Biofuels Increases Greenhouse Gases Through
Emissions from Land-Use Change,” argued that corn ethanol’s lifecycle greenhouse gas
(GHG) emissions could exceed those of fossil fuels when accounting for indirect land-use
change (ILUC). This conclusion was derived from modelling shifts in global agricultural
markets. Conversely, Andersson and Borjesson (2021), in “Life-Cycle Greenhouse Gas
Emission Impacts of Alternative Transportation Fuels and Advanced Vehicle
Technologies,” contested this assertion. They demonstrated a 34% GHG reduction for corn
ethanol when optimized farming practices and co-product allocation were included. This
discrepancy underscores the methodological variability in lifecycle assessments (LCAs),
particularly in boundary definitions and co-product handling. Second-generation biofuels,
such as lignocellulosic ethanol derived from agricultural residues, promised to mitigate
land competition but faced persistent technical hurdles. Kosamia et al. (2022), in “The
Challenges of Scaling Cellulosic Ethanol: A Techno-Economic Perspective,” identified
enzymatic hydrolysis costs as a critical bottleneck. They noted that even with subsidies,
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production costs remain 40% higher than fossil counterparts. Third- and fourth-
generation biofuels, including algae-based fuels and synthetic biology-driven microbial
systems, offer theoretical advantages in yield and land efficiency. Mandavilli (2024), in
“Algal Biofuels: A Sustainable Pathway or a Water-Intensive Mirage?,” highlighted that
while algae cultivation avoids arable land, its water demands in arid regions could offset
environmental benefits. Similarly, Adegboye et al. (2021), in “Engineering Microbes for
Advanced Biofuel Production: Opportunities and Challenges,” emphasized the gap
between laboratory-scale breakthroughs and industrial scalability, particularly for
electrofuels reliant on carbon capture. Regional disparities further complicate adoption.
Brazil’s sugarcane ethanol success, supported by decades of integrated policy and
infrastructure (Grandis et al., 2024, “Biofuel Policies in Brazil: A Historical Review and
Future Directions”), contrasts starkly with the EU’s fragmented approach. In the EU,
conflicting national subsidies hinder advanced biofuel targets (Ahola-Launonen and
Kurki, 2022, “The EU’s Bioenergy Paradox: Policy Ambitions vs. Market Realities”).

Economic analyses reveal that biofuel viability hinges on volatile policy and market
conditions. Quiroz et al. (2023), in “Economic Viability of Algal Biofuels: A Global
Sensitivity Analysis,” demonstrated that algal biofuels require carbon prices exceeding
$120/tonne to achieve cost parity with diesel. Most markets have not met this threshold.
This dependency on subsidies is exacerbated by oil price volatility. Phomsoda et al.
(2021), in “Crude 0il Price Shocks and Biofuel Investment Decisions: A System Dynamics
Approach,” modelled how a $10/barrel drop in oil prices delays return on investment
(ROI) by 3-5 years. This deters capital inflows. Policy mechanisms like the U.S. Renewable
Fuel Standard (RFS) and EU Renewable Energy Directive (RED II) have spurred initial
growth but often neglect systemic risks. Taheripour et al. (2022), in “The Impact of the
U.S. RFS on Food and Feed Markets: A Partial Equilibrium Analysis,” attributed soybean
price spikes to rigid policy models that failed to anticipate farmer adaptation to biofuel
incentives. Similarly, Abreu et al. (2022), in “Indirect Land-Use Change and the EU’s
Renewable Energy Policy: A Critical Review,” criticized RED II for exempting palm oil
biodiesel from ILUC penalties. This exemption enables deforestation-linked fuels to
qualify as 'sustainable.’ These critiques highlight the limitations of static policy
frameworks in dynamic bioenergy systems.

System dynamics (SD) modelling has emerged as a critical tool for simulating the
nonlinear feedback inherent in energy transitions, shafiee et al. (2023), in “Climate
Interactive: A System Dynamics Approach to Modelling Global Climate Change,” pioneered
the application of SD to energy-climate systems, revealing how policy delays perpetuate
carbon lock-in, subsequent studies, such as Blimpo et al. (2024), “Modelling the Bioenergy
Transition in Sub-Saharan Africa: A System Dynamics Approach,” applied SD to biofuel
markets, demonstrating reinforcing loops between R&D investment and cost reductions,
however, spatial and temporal complexities remain under addressed, mayandi, (2024), in
“A System Dynamics Model for Jatropha Biodiesel Production in India: Balancing Energy
and Water Needs,” omitted regional water scarcity from their analysis, despite irrigation
accounting for 70% of production costs—an oversight with dire implications for arid
regions , ginocchi et al. (2021), in “Probabilistic Sensitivity Analysis in Energy System
Models: A Critical Review,” argued that deterministic SD scenarios underestimate risks,
advocating for probabilistic methods to capture uncertainties in crop yields and carbon
prices, recent computational advancements, such as Python’s PySD library (Toba and
Nguyen, 2022, “PySD: A Python Toolkit for System Dynamics Modelling”) and SALib’s
global sensitivity tools (Iwanaga et al., 2022, “SALib: An Open-Source Python Library for
Sensitivity Analysis”), enable high-resolution scenario testing , yet, as Yi et al. (2023),
“Integrating Biodiversity into Biofuel System Dynamics Models: A Review and
Framework,” observed, most SD models remain compartmentalized, neglecting cross-
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system interactions with biodiversity and food security a gap this study aims to bridge
through integrated multi-domain modelling.

3. Methodology
This study employs a system dynamics (SD) modeling framework to evaluate the long-
term sustainability and economic feasibility of biofuel deployment. The method has six
repeating phases. It combines software tools, real-world data, and scenario analysis to
show how biofuel systems interact with the environment and society.

3.1.Phase 1: System Boundaries and Key Variables
The model adopts a well-to-wheel lifecycle boundary (Andersson and Bérjesson, 2021),
encompassing feedstock cultivation (F.), processing (P,), distribution (Ds), and end-use
combustion (E.), key variables are classified into three categories:

1. Stocks: Represent accumulations over time, such as biofuel production capacity
(P(t)) and arable land area (L(t)), these are modeled using differential equations,
for instance, the evolution of production capacity is governed by:

% = [(t) — 6P(t) (Equation 1)
where I(t) denotes investment flows and 6 is the annual depreciation rate (Quiroz
etal, 2023).
2. Flows: Include dynamic processes like technological adoption (T(t)), modeled as
a logistic function to reflect S-shaped growth (Mostafaeipour et al., 2022):
T
T() = % (Equation 2)
where, T, is the maximum adoption rate, k the growth coefficient, and t; the
inflection point.

3. Exogenous Factors: External drivers such as carbon tax rates (t(t)) and population

growth (N(t)) are derived from historical datasets (FAO, 2023; EIA, 2023).
3.2.Phase 2: Causal Loop Diagram (CLD) Development
The CLD maps feedback mechanisms between variables. Two dominant loops are
identified:

1. Reinforcing Loop (R1): Biofuel adoption (A) drives economies of scale (Eg),
reducing production costs (Cp) and further accelerating adoption (Blimpo et al,,
2024):

+ - +
A-E;s->C,-A (Loop R1)

2. Balancing Loop (B1): Land competition (L) increases food prices (Fp), triggering

policy restrictions (P.) that curb adoption (Taheripour et al., 2022):

Lc 5>F, 5P 5A (LoopB1)

3.3. Phase 3: Model Implementation in Python

The CLD is translated into a system of differential equations using the PySD library (Toba
and Nguyen, 2022). Numerical solutions are computed via the SciPy ODE solver, while
Pandas manages datasets spanning 2000-2020. Key parameters are summarized in Table
1. Calibrated parameters ensure alignment with historical biofuel production trends;
residuals from nonlinear least-squares optimization remained below 5% (Roy and Tu,
2022).

Table 1: Model Parameters and Calibration Sources

Parameter Value/Range Source
Initial P(2000) 80 Mtoe IEA (2023)
Tyax 0.08 yr™* Kosamia et al. (2022)
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Parameter Value/Range Source
) 0.05yr™* Mostafaeipour et al. (2022)
72030 $50-$150/tonne IPCC (2023)

3.4. Phase 4: Scenario Design
Three scenarios are simulated over a 30-year horizon (2025-2055):
1. Baseline: Reflects current policies (/(t) growth at 3% annually; t(t) fixed at
$50/tonne).
2. Optimistic: Assumes aggressive investment (/(t) + 40%) and carbon pricing (z(t)
rising to $150/tonne by 2040).
3. Pessimistic: Incorporates technological stagnation (T,,,x — 50%) and stringent
land-use caps (L, + 25%).
3.5. Phase 5: Validation and Sensitivity Analysis
Model validity is tested under extreme conditions (e.g., zero subsidies) , monte Carlo
simulations (n = 10,000) quantify uncertainty in parameters like k and §, sensitivity
indices (S;) are computed using the Sobol method via SALib (Iwanaga et al. 2022):
Var(Y|X;)
T Var(Y)
where Y represents output metrics (e.g, GHG emissions) and X; denotes input
parameters, results identify T,,,, and 7(t) as dominant drivers (S; > 0.7), corroborating
findings by Talebi et al. (2022).
3.6. Phase 6: Data Availability
All code, datasets, and visualization scripts are archived on Zenodo, ensuring
reproducibility and transparency.

(Equation 3)

4. Results

The system dynamics (SD) model simulations reveal critical insights into the
environmental and economic viability of biofuels under diverse deployment scenarios.
Below, we present the key findings through detailed visualizations and quantitative
analyses.
1. GHG Reduction Trajectories Across Scenarios

Figure 1 illustrates the cumulative greenhouse gas (GHG) emissions for the three
scenarios (Baseline, Optimistic, Pessimistic) from 2030 to 2050 , under the Optimistic
Scenario, aggressive carbon pricing (t = $150/ton by 2040) and high R&D investment
drive a 58% reduction in emissions relative to 2030 levels , in contrast, the Pessimistic
Scenario, characterized by stagnant policies and land-use restrictions, achieves only a
14% reduction , the Baseline Scenario, mirroring current trends, results in a 29%
reduction—falling short of IPCC (2023) targets. The trajectories highlight nonlinear
reductions due to feedback loops, such as delayed policy impacts and technological
learning curves; error bars represent 95% confidence intervals derived from Monte Carlo
simulations.
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Figure 1: Cumulative GHG Emissions (2030-2050)
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Figure 1: Cumulative GHG Emissions (2030-2050)

2. Feedstock Cost-Benefit Trade-offs
Figure 2 compares four feedstocks—sugarcane, lignocellulosic residues, algae, and waste
oils—using a heatmap of levelized costs (USD/GJ) versus net GHG savings (kg CO,e/GJ]),
algae-based biofuels achieve the highest GHG reductions (82 kg CO,e/GJ) but require
production costs 35% above fossil diesel , Lignocellulosic feedstocks strike a balance,
offering 68 kg CO,e/GJ] savings at near-cost parity under carbon prices > $80/tonne ,
waste oils, though cost-competitive, are limited by feedstock availability (Kosamia et al.,
2022). The heatmap underscores the trade-off between cost and emissions: high-
performing feedstocks (algae) cluster in the high-cost/high-benefit quadrant, while low-

cost options (sugarcane) yield marginal GHG savings.
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Figure 2: Feedstock Cost-Benefit Heatmap
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Figure 2: Feedstock Cost-Benefit Heatmap

3. Tipping Points in Carbon Pricing
Figure 3 identifies the carbon price threshold ($100/tonne) at which advanced biofuels
(e.g., algae, lignocellulose) achieve cost parity with fossil fuels. Below this threshold, fossil
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fuels dominate due to entrenched infrastructure and subsidies; beyond $100/ton, algal
biofuels become economically viable, validating findings by Quiroz et al. (2023). The S-
curve relationship demonstrates how carbon pricing accelerates market penetration of
advanced biofuels; the shaded region represents uncertainty in feedstock conversion
efficiency.

Figure 3: Biofuel Cost Competitiveness vs. Carbon Price
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Figure 3: Biofuel Cost Competitiveness vs, carbon Price

4. Water-Land Trade-offs in Algal Biofuel Production

Table 2 quantifies the trade-offs between land savings and water demand for algal
biofuels across five regions. In arid regions (e.g., UAE), algal systems reduce land use by
90% but increase water demand by 38%, exacerbating water stress. Conversely, tropical
regions (e.g., Brazil) achieve balanced outcomes due to abundant rainfall. Table 2
highlights the necessity of region-specific deployment strategies; arid regions require
non-potable water sources or hybrid systems to mitigate trade-offs.

Table 2: Regional Water-Land Trade-offs for Algal Biofuels

Region Land Saved (%) | Water Demand Increase (%)
UAE 90 38
Brazil 85 12
India 88 29
EU 82 21
USA (Midwest) 78 18

5. Policy Mix Efficacy

Figure 4 evaluates the impact of policy combinations on ROl and GHG reductions. Blended
policies (subsidies + R&D + carbon taxes) yield 2x higher ROI (18% by 2040) compared
to subsidies alone (8%). This synergy aligns with Roy and Tu (2022), who emphasized
the role of R&D in reducing production costs through technological learning.
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Figure 4: Policy Impact on ROl and Emissions
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Figure 4: Policy Impact on ROI and Emissions

6. Comparative Analysis with Static LCAs
The SD model reveals 20% higher cumulative emissions than static LCAs (Andersson and
Borjesson, 2021) due to indirect land-use changes (ILUC), for instance, expanding
sugarcane ethanol in Southeast Asia displaces rice cultivation, triggering deforestation
emissions omitted in conventional LCAs (Austin et al, 2022). Table 3 quantifies the
divergence between methodologies, emphasizing the SD model’s incorporation of
dynamic market feedback.

Table 3: SD vs, static LCA Emission Estimates

Feedstock SD Model Emissions (Gt CO,e) | Static LCA Emissions (Gt CO,e)
Sugarcane 12.3 9.8
Lignocellulose 8.1 6.7
Algae 6.5 5.9

5. Discussion
The results underscore the complexity of biofuel deployment, where economic viability
and environmental sustainability are mediated by nonlinear feedback and regional
contingencies. Below, we contextualize these findings within broader energy transition
debates.
1. Carbon Pricing as a Catalyst
The $100/ton carbon price threshold aligns with global climate targets (IPCC, 2023) but
exceeds current policy commitments. This gap explains why advanced biofuels remain
niche despite their technical potential. Governments must reconcile short-term political
constraints with long-term decarbonization imperatives, possibly through phased carbon
tax regimes.
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2. Resource Trade-offs and Regional Nuance

Algal biofuels exemplify the water-energy-land nexus: while they mitigate land
competition, their water intensity risks destabilizing arid regions. This necessitates
adaptive policies, such as incentivizing non-potable water use (e.g, wastewater,
seawater) or hybrid algae-agriculture systems (Talebi et al, 2022). Similarly,
lignocellulosic feedstocks should prioritize marginal lands to avoid food-fuel conflicts.

3. Policy Synergies and Path Dependence

The superiority of blended policies (Table 2) reflects the interdependence of market
incentives and innovation. Subsidies alone entrench existing technologies, whereas R&D
funding disrupts path dependence by accelerating learning rates, for example, the U.S, rFS
could achieve 90% of its 2050 targets if paired with federal R&D grants, as simulated in
the Optimistic Scenario.

4. Methodological Advancements

The 20% divergence between SD and static LCA emissions (Table 3) highlights the
limitations of reductionist approaches; static models overlook feedback mechanisms like
ILUC and adaptive consumer behavior, leading to overly optimistic projections. Future
LCAs should integrate dynamic elements, such as price elasticity and policy delays, to
enhance accuracy.

5. Limitations and Future Work

While the SD model advances biofuel analysis, it omits spatial granularity (e.g.,
watershed-level water stress) and geopolitical risks (e.g., trade embargoes). Future
studies could integrate GIS-based spatial modeling and stochastic global trade variables.

6. Conclusion and Recommendations

This study demonstrates that advanced biofuels, particularly waste-to-energy systems
and algal biofuels, present a viable pathway toward decarbonizing the energy sector while
mitigating land-use conflicts. However, their scalability hinges on overcoming significant
upfront capital requirements and region-specific resource constraints. Dynamic policy
frameworks, such as adaptive subsidies tied to technological learning rates and carbon
price thresholds, prove more effective than static mandates in fostering long-term
viability. For instance, phased subsidies that decrease as production scales align with the
declining cost curves of advanced biofuels, reducing fiscal burdens while incentivizing
innovation. Conversely, rigid policies risk entrenching inefficient technologies, as
evidenced by the stagnation of first-generation biofuels under fixed subsidy regimes.

To translate these insights into actionable strategies, policymakers should prioritize
tiered carbon taxes that escalate predictably, providing market certainty for investors
while internalizing environmental costs. Temperately, protecting marginal lands from
biofuel-driven conversion is critical to avoiding food insecurity and biodiversity loss,
particularly in developing regions with weak land governance. Meanwhile, meanwhile,
we must balance financial returns with systemic sustainability by channeling capital into
technologies offering dual benefits, such as biochar co-production, which sequesters
carbon while enhancing soil fertility.

Future research should address the spatial and temporal granularity of biofuel impacts
by integrating GIS-based modeling to map regional water stress, soil health, and
biodiversity hotspots, coupling system dynamics with spatial analytics could uncover
hyper-local trade-offs, such as how algal biofuel facilities in water-scarce regions might
utilize non-potable water sources without exacerbating scarcity, additionally, stochastic
modeling of geopolitical risks, such as trade disruptions or climate-induced crop failures,
would enhance the robustness of biofuel deployment scenarios, by bridging these gaps,
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the next generation of models can inform policies that are both adaptive and equitable,
ensuring biofuels contribute meaningfully to a net-zero future without compromising
planetary boundaries.
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