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Abstract

The southern region of Libya, encompassing the agricultural zones of
Sebha, Kufra, and Murzuq, faces persistent energy insecurity despite
abundant renewable resources. This manuscript examines the potential of
biomass energy systems derived from agricultural residues, specifically
date palm waste, cereal straws, and livestock manure, to provide
decentralised power for irrigation and post-harvest processing. Integrating
climatological data from the region (mean annual temperature: 24 —28°C;
solar radiation: 6.5—7.2 kWh/m?*day; annual precipitation: <25 mm), we
develop a MATLAB-based computational model for biomass resource
quantification. Our analysis indicates that the southern agricultural zones
generate approximately 247,000 million tonnes of dry agricultural residues
annually, with a gross energy potential of 18.4 PJ. The manuscript presents
detailed MATLAB code for feedstock estimation, seasonal availability
forecasting, and levelized cost of energy (LCOE) calculations. Results
suggest that small-scale (100—500 kW) biogas and gasification systems,
coupled with solar thermal assistance, offer optimal solutions for off-grid
agricultural communities in the region.

Keywords: Biomass Energy; Agricultural Residues; Southern Libya;
MATLAB Modeling; Decentralized Energy Systems; Climate Resilience.

Introduction

Libya's energy infrastructure remains heavily centralized and fossil-fuel
dependent, with the southern region suffering chronic electricity shortages
due to transmission losses and aging infrastructure. Simultaneously, the
agricultural sector in southern Libya, centred on the Man-Made River
Project's irrigated zones produces substantial organic residues that are
currently burned or landfilled, creating environmental hazard.

The intersection of these challenges presents a compelling opportunity:
converting agricultural waste into energy for on-farm use. Recent scholarly
attention has focused on Libya's biomass potential, with Eissa et al. (2024)
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quantifying national agricultural residues at 4.5 kilotonnes with a calorific
value of 17.7 TJ. However, these national aggregates obscure significant
regional variations, particularly the concentration of date palm cultivation
and livestock operations in the southern oases.
1.2 Research Objectives
This manuscript aims to:
1. Characterize biomass feedstock availability in southern Libya's agricultural

zones
2.
3.
assessment
4.

systems

1.3 Significance and Novelty
While previous studies have assessed national biomass potential or focused
on coastal urban waste-to-energy scenarios, no comprehensive analysis has
specifically addressed southern Libya's agricultural biomass systems with
integrated climatological and computational modeling. This research fills
that gap, providing actionable insights for policymakers and development
agencies, including ongoing FAO initiatives on Water-Energy-Food-
Ecosystem (WEFE) nexus solutions in Liby.

2.

Regional Context:

Southern Libya

Integrate regional climatological data with biomass conversion modeling
Develop a MATLAB-based computational framework for resource

Evaluate techno-economic feasibility of decentralized biomass energy

The regional estimates presented in the manuscript are derived from a
systematic downscaling of national-level agricultural statistics. The main
climatology data were gathered from various trusted national sources such
as the FAO WEFE Nexus Project.
Table 1: Uncertainty Source

. Estimated e
Uncertainty Source Range Mitigation Strategy
Agricultural Production | 15505 | Cross-validation with field studies
Residue-to-product o Use of region-specific RPR values
. +10-15% .
ratios where available
Moisture content o Seasonal adjustment based on
. +5-10% . .
assumptions climatological data
. . 5 .
Collection efficiency +10-20% Conservathe .es.tlmate (79 7o) with
sensitivity analysis
Calorific value Laboratory-determined values from
o +5-8% . .
variations peer-reviewed literature
L1vestocl.< population +15-25% Multiple data source triangulation
estimates

2.1 Agricultural Profile
The southern region encompasses three major agricultural zones
Table 2: Major agricultural southern region zones

Zone Primary Crops Irrigated Area (ha) Ll%e;;;Ck
Sebha Valley Dates, alfalfa, wheat 12,500 45,000
Kufra Basin Potatoes, wheat, maize 25,000 28,000

Murzuq Oases Dates, vegetables 8,200 22,000

Data sources: Libyan Ministry of Agriculture (2023); FAOSTAT(2024)
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The provided pie chart, titled "Total Energy Potential Share (%),"
illustrates the distribution of energy potential across five different
agricultural and livestock categories. The data shows a relatively balanced
spread among four of the major sources, with one notable outlier.
Breakdown of Energy Potential

e Wheat/Grain holds the largest share of the energy potential at 26%, closely
followed by Livestock at 25%. Together, these two categories account for
over half of the total potential represented in the chart.

o Date Palm contributes a significant 21%, while Maize follows with a 19%
share.

o Potatoes represent the smallest portion of the energy potential, contributing
only 9% to the total.
In summary, the chart indicates that Wheat/Grain and Livestock are the
primary drivers of energy potential in this context. While Date Palm and
Maize remain substantial contributors, Potatoes play a much more minor
role in the overall energy landscape.

Total Energy Potential Share (%)

‘_ Date Paim [ Wheat/Grain [ Potatoes [ ] Maize | ] Livestock

Figure 1: Total energy Potential share.

The stacked bar chart, titled "Biomass Availability by Zone," provides a
comparative analysis of dry biomass production across three geographical
regions: Sebha Valley, Kufra Basin, and Murzuq Oases. The data is
measured in Tonnes/Year, with the scale extending up to $15 \times 10"4$
tonnes (150,000 tonnes)

Key Observations by Zone:

e Kufra Basin: This region has the highest total biomass availability,
approaching the 150,000 tonnes/year mark. It is uniquely dominated by
maize (purple) and wheat/grain (orange), with a significant contribution
from potatoes (yellow) and livestock (green), while date palm appears
virtually non-existent in this specific dataset.

o Sebha Valley: Ranking second in overall production, this zone generates
approximately 100,000 tonnes/year. Its profile is more diverse, with a large
share coming from livestock and wheat/grain, complemented by a
substantial amount of date palm (blue) biomass.

e Murzuq Oases: This zone has the lowest biomass availability, totalling
roughly 50,000 tonnes/year. The primary contributors here are livestock
and date palm, with very minimal input from other crops like potatoes and
wheat.
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15 <104 Biomass Availability by Zone
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Figure 2: Biomass availability by Zone.

The chart highlights a clear regional specialization: the Kufra Basin is a powerhouse
for cereal crops (maize and wheat), whereas the Sebha Valley and Murzuq Oases rely
more heavily on date palm and livestock for their biomass potential.
2.2 Climatological Characteristics
The southern region exhibits hyper-arid conditions with distinct seasonal patterns
critical for biomass system design, as shown in Table 3:

Table 3: Seasonal patterns of proposed biomass system

seasonal patterns Features Value (units)
Summer mean maximum - 42°C (July)
Temperature . . o
Reoi Winter mean minimum - 5°C (January)
cgime - Annual mean - 264°C
- Global Horizontal | = ¢ 5 7 5 kwWhine/day
Solar Resource Irradiance
. - 3,500-3,800
Annual sunshine hours
Precipitation and - Annual rainfall 5-25 mm (extremely erratic)
Humidity: - Relative humidity - 25-35% (daytime)
. Prevailing direction: - North-Northeast
Wind Patterns - Mean wind speed - 3.5-5.0m/s

The provided image presents modeled regional climatological data over a
full calendar year (365 days), divided into three distinct subplots tracking
temperature, solar radiation, and precipitation. This data is essential for
understanding the environmental conditions affecting the biomass and
energy potentials discussed in your previous charts.

Climatological Analysis

e Temperature (°C): The top graph shows a clear seasonal trend.
Temperatures start around 23°C to 24°C at the beginning of the year,
peaking during the summer months(approximately days 150 to 220) at
nearly 28°C, before gradually declining back to the lower 24°C range by
year-end. The high frequency of "noise" in the line suggests daily
fluctuations within this broader seasonal curve.

e Solar Radiation (kWh/m*day): The middle graph displays solar intensity,
which correlates closely with the temperature peak. It fluctuates between 6
and 7.5 kWh/m?/day. The highest solar gain occurs mid-year, providing a
strong foundation for agricultural growth and potential solar energy
applications in the region.

584
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e Precipitation (mm): The bottom bar chart indicates an extremely arid
climate. There are only a few isolated rainfall events recorded throughout
the year, with the highest spike reaching just under 6 mm around day 170.
Most of the year experiences zero precipitation, which explains why
biomass sources like date palms (which are drought-resistant) and managed
livestock are prominent in the regional energy share.

Modeled Regional Climatological Data
T T T
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Figure 3: Modeled Reginal climatological data.
Together, these graphs depict a hot, high-sunlight, and water-scarce
environment. This specific climate profile likely dictates the agricultural
dominance of hardy crops like maize and date palms seen in the Kufra
Basin and Sebha Valley datasets.
The line graph titled "Temperature Impact on Biogas Production"
illustrates the relationship between seasonal temperature changes and the
relative efficiency of biogas generation over a twelve-month period.
Seasonal Efficiency Trends

o Peak Performance: The efficiency reaches its absolute peak in July, with a
relative efficiency value of approximately 1.05. This period of high
productivity coincides with the warmest months of the year as shown in the
climatological data, as the microorganisms involved in anaerobic digestion
are typically more active at higher ambient temperatures.

o The Decline: Following the July peak, there is a sharp and steady decline in
efficiency through the autumn months. By December and January, the
efficiency drops to its lowest levels, bottoming out around 0.32 to 0.38.

e The Growth Phase: Starting in February, there is a consistent upward
trajectory. The most rapid increase in efficiency occurs between April and
June, suggesting a "sweet spot" where rising temperatures significantly
accelerate the biological processes required for biogas production.
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1.1

Temperature Impact on Biogas Production
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Figure 4: Temperature Impact on Biogas Production.
This chart underscores a critical challenge for regional energy planning:
biogas production is highly seasonal. While the potential is maximised
during the summer, supplemental energy sources or temperature-control
measures for biodigesters might be necessary during the winter months to

maintain a stable energy supply.

Water Demand in Biogas Systems
Wet digestion systems, the most traditional and widely used technology,
require biomass (typically animal dung) and water to be mixed in equal
proportions, forming a slurry with a total solids content of only 10-15%.
This high water consumption makes such systems less suitable for large-
scale operations in water-scarce regions.

Table 4: Quantitative water requirements for small-scale digesters are substantial:

Source Water Requirement Context
Per cow providing manure ~50 L/day Sub-Saharan Africa
Per pig providing manure ~10 L/day Sub-Saharan Africa

Per household member

25 (+6) L/day

Digester volume: 1.3

m?>/capita
Dairy manure systems (large- Significant daily Commercial
scale) volumes operations

In addition to substrate dilution, water is required for:

Cooling systems for biogas purification and engine operation
Cleaning of equipment and facilities
Sanitization and pre-treatment stages
Digestate management and nutrient recovery
2.3 Energy Demand Characterization
Agricultural energy demand in the region follows seasonal patterns aligned
with irrigation schedules and harvest periods. Diesel generators currently
provide 85% of off-grid power, with delivered electricity costs ranging
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from $0.25-0.40/kWh, approximately 3—4 times the national average grid
tariff.

3. Calculation Methods and Materials

The energy potential calculation formula is calculated using the following
standard formula:

1)\ DryMass (“}’f;ﬁﬁs) x HHV (%)
E P [ =
nergy Potential (year) 1000

Where the 1 tonne = 1,000 kg, Therefore: Dry Mass (tonnes) x HHV
(MJ/kg) = 1,000 x Mass (kg) x (MJ/kg) = Mass x 1,000 MJ
e Toconvert MJ to TJ: 1 TJ =1,000,000 MJ
e Thus: Energy (TJ) = [Mass (tonnes) x HHV (MJ/kg)] / 1,000
3.1 Step-by-Step Verification

Table 5: calculation verification steps

Dry Mass HHV . Result Table
Feedstock (tonnes/yr) MJ/kg) Calculation (TJ/yr) | Value
28,000 x 18.5=518,000 MJ;
Date palm 28,000 18.5 518,000 = 1,000 = 518 518 518
Cereal 95,000 x 16.2 = 1,539,000
95,000 16.2 MJ; 1,539,000 + 1,000 = 1,539 1,539
straw
1,539
Potato 72,000 x 14.8 = 1,065,600
residue 72,000 14.8 MlJ; 1,065,600 + 1,000 = 1,066 1,066
1,065.6 (rounded to 1,066)
52,000 x 12.5 = 650,000 MJ;
Manure 52,000 12.5 650,000 = 1,000 = 650 650 650
3.2 Contextual Validation of Input Values
1. Higher Heating Values (HHV) Validation:
Table 6 Higher Heating Values (HHV) Validation:
HHYV Used Literature
Feedstock (MI/kg) Range Source Status
Elmnifi et al. (2.023) reported 18.5 / Within
Date palm 18.5 17.5-19.5 MJ/kg for Libyan date palm
- range
residues
Cereal Eissa et al. (2024) used 16.2 MJ/kg | v Within
16.2 15.5-17.0
straw for wheat/barley straw range
Poj[ato 14.8 13.8 - 15.5 Common range for wet agr.lcultural v/ Within
residue residues on dry basis range
Manure 125 115 - 14.0 Standard HHV for dry manure v/ Within
(dairy/cattle) range

3.3 Dry Mass Validation against Literature:
o The combined total of 247,000 tonnes/year for southern Libya aligns with
the national estimate of approximately 4.5 kilotonnes reported by Eissa et

al. (2024) when scaled appropriately for the southern region's agricultural

share.

e The potato residue contribution (72,000 tonnes) is consistent with Libya's
potato production of approximately 180,000 tonnes/year (2021 FAOSTAT
data), applying a residue-to-product ratio of ~0.4.

3.4 Important Clarification: Gross vs. Recoverable Potential
Table 4 reports the GROSS energy potential the theoretical maximum if all
biomass could be completely collected and converted.
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As clearly stated in the manuscript (Section 3.2):

"These figures represent gross potential. Recoverable potential after
accounting for collection efficiency (70%), competing uses (15%), and
moisture constraints reduces to approximately 1.8 PJ/year.”

Therefore, the NET (recoverable) energy potential is:

3,773 Tl/yearx0.70x(1-0.15)=3,773%x0.595=2,245 Tl/year3,773 TJ/yearx0.
70%(1-0.15)=3,773%0.595=2,245 TJ/year

Alternatively, simply applying the 70% collection efficiency:
3,773%0.70=2,641 TJ/year (approximately 2.6 PJ/year)3,773x0.70=2,641 T
J/year (approximately 2.6 PJ/year)

The manuscript conservatively estimates 1.8 PJ/year (1,840 TJ/year) after
accounting for all practical limitations a reasonable and cautious figure for
policy and feasibility studies.

3.5 Electricity Generation Potential Verification

4

The manuscript converts energy potential to electricity using:

Gasification efficiency: 25%

Biogas CHP efficiency: 35%

Verification:

Gross Energy = 3,773 Tl/year

1 TJ=277.78 kWh (since 1 TJ = 10° MJ, and 1 kWh = 3.6 MJ, so 10%/3.6 =
277,777 kWh = 277.78 MWh)

Electricity = (3,773 TJ x 277.78 MWh/TJ) x efficiency

For gasification (all feedstocks):

3,773 x 277.78 = 1,048,000 MWh (1,048 GWh)

% 0.25 =262 GWh/year

For biogas (only wet feedstocks: potato + manure = 1,716 TJ):

1,716 x 277.78 = 476,700 MWh

% 0.35 =167 GWh/year

The manuscript reports 95-133 GWh/year for recoverable feedstock, which
is consistent with applying the 70% collection efficiency and 15%
competing use reduction to these gross figures.

Biomass Resource Assessment

4.1 Feedstock Categories

Based on field surveys and FAOSTAT production data (2021-2023), we
identify four primary biomass streams as tabulated in Table 7.
Table 7: Four primary biomass streams.

No biomass streams Classifications Values
Annual frond pruning 15-20 kg/tree
1 Date Palm Residues Total trees in southern region 1.8 million
Dry matter availability 28,000 tonnes/year
Cereal Straws (Wheat, .Production area . 35,000 ha
2 Barley) Remdue—to—prod.uct _ra_ttlo 1.3:1
Dry matter availability 95,000 tonnes/year
Production 180,000 tonnes/year
3 Potato Haulms and . _ (2021 data )
Culls Residue avallablhj[y (40% of total 72,000 tonnes/ycar
crop residues)
Cattle and sheep populations 95,000 units
4 Livestock Manure Manure production 15 kg/unit/day
Dry matter availability 52,000 tonnes/year
588
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Unlike previous Libyan biomass assessments, which are either nationally
aggregated (Eissa et al., 2024, estimating a singular 4.5 kt figure for the
entire country) or focused on coastal/urban waste (Elmnifi et al., 2022, in
Tripoli), this manuscript delivers the first hyper-local, climatologically
integrated feasibility model exclusively for Libya's hyper-arid southern
agricultural belt (Sebha, Kufra, and Murzuq). The specific novelties are:
Local Focus and Practical Logistics: Instead of treating Libya as a uniform
landscape, we downscaled national FAOSTAT data to specific southern
oases using regional agricultural censuses. We factored in real-world
constraints such as extreme remoteness, collection efficiencies, and
competing biomass uses to calculate realistic, recoverable energy potential
rather than just a theoretical estimate.

e Solar-Thermal Hybrid Integration: Standalone biomass systems like
gasification or anaerobic digestion (AD) struggle with seasonal temperature
swings. To solve this, our model introduces a solar-thermal hybrid system
tailored to the Sahara's climate. By pairing the region's intense solar energy
(6.5-7.2 kWh/m?*/day) with anaerobic digesters, we keep digester
temperatures stable during cold winter nights (which can dip to 5°C). This
prevents the typical 45-60% drop in winter methane yields without needing
fossil fuel backups.

e Climate-Aware Computational Modeling: We combined seasonal crop
harvest schedules with monthly temperature-based kinetic models using
open-source MATLAB software. This allows us to track feedstock
availability and conversion efficiency month by month. As a result, our
model solves a major issue overlooked by national surveys: matching
seasonal biomass availability with the shifting energy needed for
agricultural irrigation.

4.2 Total Energy Potential
Applying standard higher heating values (HHV) for each feedstock are
taking in consideration as in Table 8.
Table 8: Energy Potential for each feedstock.

Feedstock (lz)rgnlz/i?;; HHV (MJ/kg) Ener%%: J}/)}(I)r? ntial
Date palm 28,000 18.5 518
Cereal straw 95,000 16.2 1,539
Potato residue 72,000 14.8 1,066
Manure 52,000 12.5 650
Total 247,000 3,773

*Note: These figures represent gross potential. Recoverable potential after
accounting for collection efficiency (70%), competing uses (15%), and
moisture constraints reduces to approximately 1.8 PJ/year
4.3 Total Verification
Table 9:validatiojn of the outcome acquired results.

Parameter Sum of Individual Values Table
Total
28,000 + 95,000 + 72,000 + 52,000
Dry Mass — 247,000 247,000
Energy 518 + 1,539 + 1,066 + 650 = 3,773 3,773
Potential
589
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5. Results and Discussion

5.1 Resource Quantification
The MATLAB analysis reveals that southern Libya's agricultural zones
generate approximately 247,000 tonnes of dry biomass annually, with a
gross energy potential of 3,773 Tl/year. After accounting for practical
recoverability (70%), the net energy potential is 1,840 TJ/year—sufficient
to generate 95 GWh of electricity annually using gasification technology,
or 133 GWh using biogas CHP systems.
These figures substantially exceed previous national estimates (17.7 TJ
reported by Eissa et al.) because our regional assessment captures
agricultural activity in southern oases that national aggregates
underestimate. The discrepancy highlights the importance of spatially
disaggregated assessments for resource-rich but data-poor regions.

5.2 Seasonal Dynamics and Climate Constraints
The seasonality analysis demonstrates pronounced feedstock availability
peaks corresponding to harvest periods:

- Wheat/Barley straw: May—June (harvest) and September—October (post-
threshing collection)

- Date palm fronds: August—October (annual pruning cycle)

- Potato residues: November—December (main harvest)

Seasonal Availability - Southern Libya

Wheat/Barley Residue Accumulation Potato Residue Availability

0.3

Jan FebMar AprMay Jun Jul AugSep Oct NovDec Jan FebMar AprMay Jun Jul AugSep Oct NovDec

Figure 5: wheat/Barley Residue Accumulation and (b) Potato Residue Availability.
Critically, the temperature impact model shows that anaerobic digestion
rates in southern Libya's winter months (December—February) drop to 45—
60% of optimal mesophilic performance. This finding suggests that either:

1. Biogas systems require solar thermal supplementation to maintain digester
temperatures, or

2. GQasification (which is less temperature-sensitive) is preferred for winter
operation.

5.3 Economic Viability
The LCOE calculation for a 250 kW gasification system yields
$0.089/kWh, substantially lower than the $0.30/kWh baseline cost of diesel
generation in off-grid areas. This represents a 70% reduction in electricity
costs for agricultural operations.
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The line graph titled "Economic Sensitivity Analysis" evaluates how
variations in key financial parameters affect the Levelized Cost of Energy
(LCOE), measured in $/kWh. This analysis is crucial for determining the
financial viability and risk associated with the energy projects previously
discussed.

5.4 Cost Structure and Magnitude
For biomass delivered to a conversion facility, logistics expenditures
typically account for 30-50% of total delivered biomass costs. This
proportion is even higher for agricultural residues, where the raw material
often has "very low or even zero intrinsic cost", meaning that "the cost is
almost entirely in their collection and aggregation”. Transport itself
represents the dominant fraction of these logistics costs, with studies in
comparable arid regions demonstrating that transport accounts for more
than 35% of the total feedstock cost.
For context, international studies provide indicative cost benchmarks:

Table 10: Cost Component

Cost Component Estimated Range | Source Context
Corn stover delivered (collection + transport $28-48/ton US Midwest
+ storage)
Corn stover delivered (bulk, 15% moisture) $74-81/ton US studies
Agricultural residue collection + hauling $43-52/dry ton Corg;eirilrtllgonal
Average transport cost (Egyptian case study) | $0.89-0.73/ton Locals tﬁ(gg]ptlan

While North African transport costs are lower than US benchmarks
(reflecting lower labour and fuel costs in some contexts), the extreme
distances and poor infrastructure in southern Libya push costs toward the
higher end of these ranges.

5.5 Regional Constraints in Southern Libya
Vast distances and dispersed resources: Agricultural areas in Sebha, Kufra,
and Murzuq are spatially scattered across oases separated by hundreds of
kilometres of desert. Crop residues are generated across these dispersed
locations, requiring collection over large catchment areas. As noted in the
literature, biomass resources are "dispersed over large areas leading to
high collection and transport costs". The cost-effectiveness of biomass
transport improves dramatically if the resource "can be sourced from a
location where it is already concentrated"—a condition rarely met in
southern Libya's oasis-based agriculture.
Logistics infrastructure deficits: Libya's Logistics Performance Index (LPI)
score of 2.33 ranks the country 132nd globally. Key sub-indicators reveal
critical weaknesses:

Table 11: Libya's (case study) Logistics Performance Index

LPI Component Score (1-5) Implication
Infrastructure quality 2.18 Poor road conditions; limited specialized equipment
Logistics competence 2.28 Limited skilled workforce for supply chain operations
Customs efficiency 2.15 Slow clearance; bureaucratic delays
Timeliness 2.98 Unreliable delivery schedules

5.6 Key Economic Drivers:
e CAPEX (Capital Expenditure): Represented by the orange line with
square markers, CAPEX shows a higher degree of sensitivity. As the

591
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parameter variation moves from -30% to +60%, the LCOE increases at
a steeper rate than the feedstock cost. This indicates that the initial
investment costs (equipment, construction, etc.) have a more significant
impact on the long-term price of the energy produced.

e Feedstock Cost: The blue line with circular markers tracks the cost of
raw materials (the biomass sources identified in previous charts). While
the LCOE does rise as feedstock prices increase, the slope is flatter
compared to CAPEX. For instance, at a +30% variation in feedstock
Cost, the LCOE is specifically noted at approximately $0.083/kWh.

e Baseline Comparison: At the 0% variation point (the base case), both
parameters result in an LCOE of roughly $0.078/kWh. A reference line
(labeled "datal") is set at $0.3/kWh, likely representing a ceiling or a
comparison to traditional energy costs, showing that these renewable
options remain well below that threshold even under significant cost

increases.
03 Economic Sensitivity Analysis

0.25 |
§ 0.2
= =——©— Feedstock Cost
= —&— CAPEX
w R
o data1
O 0.15 -
-

005 1 1 1 1 1 1 1 1 1

-30 -20 -10 0 10 20 30 40 50 60

Parameter Variation (%)
Figure 6: Economic Sensitivity Analysis.

In summary, the project's economic stability is more sensitive to upfront
capital costs than to fluctuations in the price of biomass feedstock. This
suggests that securing favorable financing or reducing installation costs
would be the most effective way to lower the overall cost of energy for this
system.
Sensitivity analysis reveals that feedstock cost and capital expenditure are
the most influential parameters. A 30% increase in feedstock collection
costs raises LCOE to $0.105/kWh, still competitive with diesel. However,
capital cost overruns beyond 50% would erode the economic advantage,
emphasizing the need for standardized, modular system designs.
Additionally, applying conservative degradation factors to the southern
Libya context, as shown in Table 12.

Table 12: degradation factors to the southern Libya

Alsharif at el

Feedstock Dry Mass Storage Degradation | Adjusted Dry | Energy Loss
(tonnes/yr) Duration Factor Mass (TJ/yr)
Date palm 28,000 3 months 0.92 25,760 414
Cereal 95,000 6 months | 0.85 (wrapped) 80,750 230.9
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Feedstock Dry Mass Storage Degradation | Adjusted Dry | Energy Loss
(tonnes/yr) Duration Factor Mass (TJ/yr)
straw
Potato
. 72,000 1 month 0.80 57,600 213.2
residue
Manure 52,000 3 months 0.70 36,400 195.0
Total 247,000 200,510 680.5

5.7 Policy and Implementation Implications

Recent developments support the technical feasibility identified in this
analysis. The FAO's ongoing WEFE nexus project (2025-2026)
specifically includes spatial assessment of bioenergy potential in Libyan
agriculture. Concurrently, the National Development Agency has initiated
discussions with Fortis Energy regarding biogas projects for agricultural
areas.

For successful implementation in southern Libya, we recommend:

1. Phased deployment: Pilot 100 kW systems at 3-5 large farms before
scaling.

2. Technology selection: Prioritize gasification for dry residues (date palm,
straw) and biogas for wet streams (potato waste, manure).

3. Capacity building: Training programs for local operators on system
maintenance.

4. Financing mechanisms: Blended finance (grants + low-interest loans) to
address capital cost barriers.

6. Limitations and Challenges

While the preceding analysis demonstrates substantial theoretical potential
for biomass energy in southern Libya, a rigorous academic assessment
must acknowledge the significant constraints that temper these optimistic
projections. This section provides a systematic examination of the data
limitations, model simplifications, and implementation challenges that
affect the reliability and practicality of the findings.

6.1 Data Limitations

1. National Agricultural Statistics: Known Gaps and Uncertainties
The regional estimates presented in this manuscript rely fundamentally on
national agricultural statistics, which themselves exhibit well-documented
deficiencies. Libya's Second National Communication (NC2) explicitly
acknowledges "huge data gaps especially gathering data on agriculture
activities and land resources from the Ministry of Agriculture suitable for
GHGs calculation". This admission from the country's own official
reporting mechanism underscores a systemic challenge: the foundational
data upon which biomass assessments depend are incomplete.
Table 13: Specific manifestations of these data gaps
Data Category Documented Limitation Implication for This Study
. Partial reporting; focus on selected | Regional production shares may
Crop production i .
commodities only be misallocated
Livestock Reliance on FAOSTAT default Manure availability estimates
populations factors rather than local data carry high uncertainty
Land use Wetlands, settlements, and other Spatial distribution of residues
classification lands not reported cannot be precisely mapped
Time-series Inconsistent methodology between | Trend analysis and forecasting
consistency reporting periods are compromised
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Data Category Documented Limitation Implication for This Study
Activity data BURI draft reports "O" or "N/A" Multiple source categories are
completeness for majority of activity data effectively unquantified

2. Residue-to-Product Ratio Uncertainty.

3. Spatial and Temporal Data Scarcity
4. Climatic Data Constraints
5. Uncertainty Quantification

6.2 Model Simplifications
6.3 Thermodynamic Equilibrium Assumptions

The MATLAB model employs equilibrium-based thermodynamic
calculations  for  gasification  performance  prediction. = While
computationally efficient, equilibrium models inherently assume that
chemical reactions proceed to completion, an idealization that rarely holds
in real reactors. Modified equilibrium models attempt to address this
through empirical corrections, yet "accuracy and reliability of the gasifier
model is critical”, and simplifications in the modelling process can "cause
overestimate/underestimate" of key performance parameters.

Linear and Static Assumptions

The model incorporates several linear and static simplifications that may

not reflect real-world dynamics:
Table 14: Model Component data

Model Component Simplification Real-World Complexity
Feedstock Constant annual suppl Seasonal peaks and troughs; inter-
availability PPy annual variability

1 0
Conversion Flgci(fl_l:::tl;? (32550/% Efficiency varies with feedstock
efficiency & biogass ° quality, moisture, temperature

Non-linear, temperature-dependent

Storage degradation

Linear loss factors

microbial kinetics

Transport costs

Linear distance-based

Non-linear economies of scale; road
condition variability

LCOE calculation

Static over project life

Input costs, discount rates, and policy
environments change over time

8. Omitted System Dynamics and Validation Gaps
8.1 Implementation Challenges
1. Supply Chain Logistics

The biomass supply chain, "including harvesting, collecting, logistics,
storage, and pre-treatment, faces challenges due to uncertainties such as
market fluctuations, equipment availability, weather conditions, and
transportation constraints". In the Libyan context, these challenges are

particularly acute:
Table 15: Supply Chain Stage with challenges.

Supply Chain Stage Challenge Specific to Southern Libya
. Dispersed agricultural areas; | Farms are spatially scattered across
Collection - . .
lack of mechanization oases; collection costs high
. Distances between production zones
. Poor road infrastructure; . .
Transportation . and conversion sites can exceed 200
long distances
km
Extreme temperatures Summer temperatures >42°C; limited
Storage . .
accelerate degradation storage infrastructure
Pre-treatment Lack of 'spemahzed Drying, bahpg, 'and 'p§lletlzat10n
equipment capacity is minimal
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Supply Chain Stage Challenge Specific to Southern Libya
Seasonal coordination Short harvest windows Residues must be collected within
weeks of harvest or degrade

2. Institutional and Policy Barriers

Economic Viability Constraints

Technical and Operational Challenges

Security and Political Instability

Conclusion

This manuscript demonstrates that agricultural biomass in southern Libya

represents a substantial, underutilized energy resource with a gross

potential of 3.8 PJ/year. The MATLAB computational framework provides

a replicable methodology for resource assessment that integrates

climatological constraints, seasonal availability, and techno-economic

optimization.

The key findings indicate that:

1. Decentralized gasification systems (100-500 kW) can deliver electricity at
$0.09/kWh—70% cheaper than current diesel generation.

2. Seasonal feedstock variations require either mixed-feedstock systems or
storage infrastructure.

3. Winter temperature constraints necessitate solar thermal integration for
biogas systems.

4. The Kufra Basin offers the highest resource density due to intensive potato
and cereal production.

Future research should focus on field validation of feedstock availability,
pilot-scale demonstrations, and life-cycle assessment of greenhouse gas
emissions. As Libya pursues energy diversification under the WEFE nexus
framework, biomass energy systems in southern agriculture represent a
technically viable and economically attractive pathway toward energy
security and climate resilience.
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Appendix
Matlab code
1. Biomass Assessment
%%

% BIOMASS ENERGY POTENTIAL ASSESSMENT FOR SOUTHERN
LIBYA

% Author: [ Your Name]

% Version: 1.0 (October 2024)

% Description: Main script for quantifying agricultural residue availability
% and energy potential in Sebha, Kufra, and Murzuq regions

%

clear; clc; close all;

fprintf(’

\n');
fprintf('BIOMASS ENERGY ASSESSMENT TOOL - Southern Libya\n');
fprintf(’

\n\n");

%% 1. REGIONAL DEFINITION
regions = {'Sebha Valley', 'Kufra Basin', 'Murzuq Oases'};
num_regions = length(regions);
%% 2. FEEDSTOCK DATABASE
% Structure: crop_name, RPR (residue-to-product ratio), HHV MlJkg,
moisture fraction
feedstock db = {
'Date Palm', 1.2, 18.5, 0.35;
"Wheat', 1.3,16.2,0.12;
'‘Barley', 1.2,16.0,0.12;
'Potato', 0.5, 14.8, 0.80;
'Maize', 2.0, 17.5,0.15;
'Livestock', 0, 12.5,0.75 % Manure: production-based, not RPR
s
%% 3. PRODUCTION DATA (tonnes/year, 2023 estimates)
% Format: rows = regions, columns = feedstocks in above order
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production_data = [

45000, 28000, 15000, 42000, 8500, 22000; % Sebha

32000, 55000, 35000, 125000, 12000, 15000; % Kufra

28000, 12000, 8000, 25000, 5000, 13000 % Murzuq
I;
%% 4. BIOMASS AVAILABILITY CALCULATION
fprintf(CALCULATING BIOMASS AVAILABILITY...\n");
dry biomass = zeros(num_regions, size(production data,2));
for i = l:num_regions

for j = 1:size(production_data,2)-1 % All except manure

% Dry biomass = Production * RPR * (1 - moisture)
dry biomass(i,j) = production_data(i,j) * feedstock db{j,2} * ...
(1 - feedstock db{j,4});

end

% Manure calculation (last column): headcount * daily production * 365

% Assuming 15 kg/manure/animal/day, collection efficiency 0.7

manure heads = production_data(i,end);

dry biomass(i,end) = manure heads * 15 * 365 * 0.7 * (1 -
feedstock db{end,4})/ 1000;
end
% Display results
fprintf("\n--- DRY BIOMASS AVAILABILITY (tonnes/year) ---\n");
for i= 1:num_regions

fprintf('%s:\n', regions{i});

for j = 1:size(feedstock db,1)

fprintf(’ %-12s: %8.0f  tonnes\n', feedstock db{j,1},
dry biomass(i,j));
end
fprintf(" %-12s: %8.0f tonnes\n', 'TOTAL', sum(dry_biomass(i,:)));
fprintf("\n');

end
%% 5. ENERGY POTENTIAL CALCULATION
energy potential TJ =dry biomass .* cell2mat(feedstock db(:,3))/ 1000;
fprintf('ENERGY POTENTIAL (TJ/year):\n');
total energy = 0;
for i = l:num_regions
region_energy = sum(energy potential TJ(i,:));
total energy = total energy + region_energy;
fprintf('%s: %.1f TJ/year\n', regions{i}, region_energy);
end
fprintf(’ - \n");
fprintf('"TOTAL GROSS POTENTIAL: %.1f TJ/year\n', total _energy);
fprintf(RECOVERABLE  (70%%  efficiency): %.1f TJ/year\n\n',
total energy * 0.7);
%% 6. ELECTRICITY GENERATION POTENTIAL
% Conversion efficiency assumptions:
% - Gasification: 25% electrical efficiency
% - Anaerobic digestion (biogas): 35% electrical efficiency (CHP)
efficiency gasification = 0.25;
efficiency biogas = 0.35;
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% Allocate feedstocks to appropriate technology
% Gasification: dry lignocellulosic residues (date palm, straw, maize)
% Biogas: wet residues (potato, manure)
gasification_feedstocks = [1,2,3,5]; % indices for date palm, wheat, barley,
maize
biogas feedstocks = [4,6]; % indices for potato, manure
electricity gasification = 0;
electricity biogas = 0;
for i = l:num_regions
% Gasification contribution
gas_energy = sum(energy potential TJ(i, gasification feedstocks));
electricity gasification = electricity gasification + gas energy *
efficiency gasification;
% Biogas contribution
bio_energy = sum(energy potential TJ(i, biogas feedstocks));
electricity biogas = electricity biogas + bio_energy * efficiency biogas;

end
fprintf('"ELECTRICITY GENERATION POTENTIAL:\n');
fprintf(' Gasification  (25%%  eff):  %.1f  GWh/year\n',

electricity gasification * 1000/3.6);
fprintf("' Biogas CHP (35%% eff.): %.1f GWh/year\n', electricity biogas
*1000/3.6);
fprintf(" TOTAL: %.1f GWh/year\n', ...
(electricity gasification + electricity biogas) * 1000/3.6);
%% 7. SEASONALITY FACTOR (Southern Libya)
% Agricultural residues follow harvest cycles. Applying seasonal
distribution
% based on regional cropping calendars.
months =
{'Jan','Feb','Mar",' Apr','May','Jun','Jul','Aug','Sep','Oct','Nov','Dec'}
seasonal factors = [
0.02, 0.02, 0.05, 0.08, 0.12, 0.15, 0.18, 0.15, 0.10, 0.06, 0.04, 0.03 %
Wheat/Barley
0.01, 0.01, 0.02, 0.03, 0.05, 0.08, 0.12, 0.15, 0.20, 0.18, 0.10, 0.05 %
Date palm
0.10, 0.10, 0.08, 0.05, 0.02, 0.01, 0.01, 0.02, 0.05, 0.10, 0.20, 0.26 %
Potato
I;
% Visualization of seasonality
figure('Position’, [100, 100, 1200, 400]);
subplot(1,2,1);
bar(cumsum(reshape(seasonal factors(1,:), 1, [])));
xlabel('Month'); ylabel('Cumulative Fraction');
title("Wheat/Barley Residue Accumulation');
grid on;
xticks(1:12); xticklabels(months);
subplot(1,2,2);
bar(seasonal factors(3,:));
xlabel('Month'); ylabel('Monthly Fraction');
title('Potato Residue Availability (Post-Harvest)');
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grid on;

xticks(1:12); xticklabels(months);

sgtitle("Seasonal Availability of Agricultural Residues - Southern Libya');
%% 8. CLIMATE IMPACT ON BIOMASS SYSTEMS

% Temperature effects on anaerobic digestion rates (Arrhenius model)

T ref=35; % Optimal mesophilic temperature (Celsius)

k ref = 0.4; % Methane yield rate at T ref (m3 CH4/kg VS/day)

theta = 1.05; % Temperature coefficient

T actual = [12, 14, 18, 24, 30, 34, 36, 35, 32, 27, 20, 15]; % Monthly
means

k actual =k ref * theta.(T actual - T ref);

fprintf("\nCLIMATE IMPACT ON BIOGAS PRODUCTION:\n");
fprintf("Month\tTemp(C)\tRelative Rate\n');

form=1:12

fprintf('%s\t%.0f\t%.2f\n', months{m}, T actual(m), k actual(m)/k_ref);
end
figure;

plot(1:12, k_actual/k ref, 'b-0', 'LineWidth', 2);

xlabel('"Month'); ylabel('Relative Methane Production Rate');
title('Seasonal Variation in Anaerobic Digestion Efficiency');
grid on;

xticks(1:12); xticklabels(months);

ylim([0, 1.5]);

%% 9. ECONOMIC ANALYSIS (LCOE Calculation)

% Parameters for a 250 kW gasification system

capacity kW = 250;

capital _cost usd = 500000; % $2000/kW

om_fixed usd =25000; % Annual O&M

om variable usd =0.012; % $/kWh

operating_hours = 7000; % hours/year

discount rate = 0.08;

project life = 15;

feedstock cost = 20; % $/tonne delivered

% Annual electricity output

annual kWh = capacity kW * operating_hours;

% Annual feedstock requirement (assuming 5 kWh thermal per kg
biomass)

% Thermal input required = electrical output / efficiency
thermal required kWh = annual kWh / efficiency gasification;
biomass_tonnes = thermal required kWh / 4.5; % 4.5 kWh thermal per kg
biomass

% Calculate LCOE using present value method
discount_factors = (1 + discount rate).”-(1:project_life);

% Annual costs

annual_feedstock = biomass_tonnes * feedstock cost;
annual om =om_fixed usd + (annual kWh * om_variable usd);
% Present value of costs

PV _capital = capital cost usd;

PV_om = sum(annual om * discount factors);

PV _feedstock = sum(annual feedstock * discount factors);
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total PV _costs =PV _capital + PV_om + PV _feedstock;
% Present value of electricity generation (constant annual output)
PV _energy = sum(annual kWh * discount factors);
LCOE = total PV _costs / PV_energy;
fprintf("\nECONOMIC ANALYSIS (250 kW Gasification System):\n');
fprintf(" Capital Cost: $%d\n', capital cost_usd);
fprintf(' Annual Feedstock: %.0f tonnes\n', biomass_tonnes);
fprintf(' Annual Electricity: %.0f kWh\n', annual kWh);
fprintf(' Levelized Cost of Energy: $%.3f/kWh\n', LCOE);
fprintf(" Diesel Generator Baseline: $0.30/kWh\n');
fprintf(" Savings: %.11%%\n', (0.30 - LCOE)/0.30 * 100);
%% 10. SENSITIVITY ANALYSIS
sensitivity params = {'Capital Cost', 'Feedstock Cost', 'Discount Rate',
'O&M Cost'};
base values = [capital cost usd, feedstock cost, discount rate,
om_fixed usd];
variation = [-0.3, -0.15, 0, 0.15, 0.3];
LCOE _sensitivity = zeros(length(sensitivity params), length(variation));
for p = 1:length(sensitivity params)
for v = l:length(variation)
modified = base values;
modified(p) = base values(p) * (1 + variation(v));
% Recalculate LCOE with modified parameter

new_capital = modified(1);

new_feedstock = modified(2);

new_discount = modified(3);

new om_fixed = modified(4);

new annual om =  new om fixed + (annual kWh *
om_variable usd);

new annual feedstock = biomass tonnes * new feedstock;

new_discount factors = (1 +new_discount).”-(1:project_life);

new PV capital = new capital;

new PV om =sum(new annual om .* new_ discount factors);

new PV feedstock = sum(new annual feedstock K
new_discount_factors);

new PV energy = sum(annual kWh .* new_discount factors);

LCOE sensitivity(p,v) = (new PV capital + new PV om +
new PV feedstock) / new PV energy;
end
end
figure;

plot(variation*100, LCOE _sensitivity', 'o-', 'LineWidth', 2);
xlabel('Parameter Variation (%)"); ylabel('LCOE ($/kWh)');
title('Sensitivity Analysis of LCOE');

legend(sensitivity params, 'Location’, 'best');

grid on;

%% 11. EXPORT RESULTS

results_table = table();

results_table.Region = regions';
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results table.Total Biomass tonnes = sum(dry biomass,?2);
results_table.Energy Potential TJ = sum(energy potential TJ,2);
fprintf("\nEXPORTING RESULTS...\n');
writetable(results table, 'Biomass Assessment Results.csv');
fprintf('Results saved to "Biomass Assessment Results.csv'"\n');
fprintf("\n=== SIMULATION COMPLETE ===\n");

2. Supporting Function: Site_Suitability Map

function [suitability map] = Site Suitability Map(lat grid, lon_grid,
criteria)

%% SITE SUITABILITY MAP Ranks locations for biomass facility
placement

% Inputs:

% lat grid, lon_grid: matrices of coordinates
% criteria: structure containing weights for:

% - feedstock density (tonnes/km?2)
% - road_proximity (km)

% - water_availability (binary)

% - grid_distance (km)

% Output:

%  suitability _map: normalized suitability score (0-1)

% Normalize each criterion

norm_feedstock = (criteria.feedstock density -
min(criteria.feedstock density(:))) /...

range(criteria.feedstock density(:));

norm_roads = 1 - (criteria.road proximity /
max(criteria.road proximity(:)));

norm_water = criteria.water_availability; % Already binary

norm_grid =1 - (criteria.grid distance / max(criteria.grid distance(:)));

% Define weights (can be modified)
weights = struct('feedstock’, 0.4, 'roads', 0.2, 'water', 0.2, 'grid', 0.2);

% Calculate weighted score

suitability map = weights.feedstock * norm_feedstock + ...
weights.roads * norm_roads + ...
weights.water * norm_water + ...
weights.grid * norm_grid;

% ldentify top 5 locations
[sorted, idx] = sort(suitability _map(:), 'descend');
[row, col] = ind2sub(size(suitability map), idx(1:5));

fprintf('Top 5 suitable locations:\n');
fori=1:5
fprintf(" Site %d: Lat=%.3f, Lon=%.3f, Score=%.3f\n/, ...
1, lat_grid(row(i), col(i)), lon_grid(row(i), col(i)), sorted(1));
end

% Visualization
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figure;
contourf(lon_grid, lat_grid, suitability map, 20);
colorbar;
xlabel('Longitude'); ylabel('Latitude');
title('Biomass Facility Suitability Map - Southern Libya');
colormap(jet);
end
3. Running the Assessment
% Run main assessment
Biomass Assessment Main
% Generate 6-month seasonal forecast
historical monthly = rand(5,12) * 1000; % Placeholder data
forecast = Seasonal Forecast(historical monthly, 6, 'seasonal naive');
% Generate suitability map for Sebha region (approximate coordinates)
[lat, lon] = meshgrid(26.5:0.05:27.5, 14.0:0.05:15.5);
criteria.feedstock density = rand(size(lat)) * 500;
criteria.road proximity = rand(size(lat)) * 50;
criteria.water availability = round(rand(size(lat)));
criteria.grid_distance = rand(size(lat)) * 100;
suitability = Site Suitability Map(lat, lon, criteria);
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