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Abstract

Wildfires are becoming more frequent and intense due to climate change, emphasizing the need for
effective firebreak management. This study investigates the potential for integrating firebreak
maintenance with biogas production by characterizing the biomass removed from firebreak zones
and edges of forest road that pass through the firebreak zone on Thasos Island, Greece. Vegetation —
including Pinus brutia trees and understory species including (perennial herbaceous legumes, forbs
and shrubs) such as Medicago sativa (C3 plant), Verbascum sinuatum, Cistus creticus and Cichorium
intybusn—was collected and analyzed for moisture content, volatile solids, and biogas yield using
batch anaerobic digestion experiments. Results showed that Medicago sativa and Pinus brutia needles
produced the highest methane yields, reaching 669 + 110 and 612 + 83 m?® biogas per ton of volatile
solids, respectively. Estimated specific biogas production from Pinus brutia needles was 230 m? per
1000 m? of firebreak zone, making it comparable to conventional feedstocks like maize silage. These
findings suggest that selectively removing high-biomass species not only enhances firebreak
functionality but also supports renewable energy production. While logistical and technical
challenges remain—such as biomass heterogeneity, collection constraints, and economic feasibility —
the study demonstrates the dual benefit of wildfire risk reduction and renewable energy generation.
This integrated approach supports sustainable fire management and circular resource use, offering
practical insights for fire-prone regions seeking both ecological resilience and energy alternatives.

Keywords: firebreak zones; wildfire management; biomass removal; renewable energy; biogas
production; anaerobic digestion; forest biomass; climate adaptation; circular economy; legumes

1. Introduction

Firebreak zones, also known as firebreaks, are crucial in wildfire management, acting as strategic
areas where vegetation has been removed or managed to prevent the spread of wildfires [1]. These
zones interrupt the continuity of fuels that wildfires rely on to grow and spread, effectively slowing
down or even halting the advance of a fire [2]. Firebreaks can be natural, such as rivers or rocky
terrain, or man-made, such as roads, cleared strips of land, or areas where vegetation has been
intentionally thinned or removed [3].

Creating firebreaks involves various methods tailored to different environments and fire
management needs, each with specific advantages [1]. Mechanical cleaning is one of the most
common techniques, involving the use of heavy machinery like bulldozers, chainsaws, and mowers
to remove vegetation and other flammable materials from designated areas. Bulldozers are typically
employed to clear large swaths of land quickly, while chainsaws and mowers are used for more
precise removal of trees, shrubs, and grasses. This method is especially useful in areas where
controlled burns are not feasible due to safety concerns or environmental conditions. However, it
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requires ongoing maintenance to ensure that the firebreak remains effective, as vegetation can
quickly regrow and restore the fire hazard if not regularly managed [2].

The maintenance of firebreaks has become increasingly critical as the frequency and intensity of
wildfires rise due to climate change [1]. As global temperatures climb, many regions experience
longer dry seasons, reduced snowfall, and more intense heat waves, all of which contribute to drier
vegetation and higher wildfire risks [4]. Since the vegetation is always growing, continuous
monitoring and maintenance of a firebreak is essential for effective wildfire management. Nowadays,
semi-automatic remote sensing is used for the detection of firebreak maintenance operations [2]. Such
methodologies can help local and national authorities since they have a large firebreak network to
monitor annually.

Forestry residues are divided into two major categories [5]. Primary residues, including the
materials remaining after logging operations (branches, stumps, treetops, bark, sawdust, etc) and
secondary residues, including by-products from industrial wood-processing (bark, sawmill slabs,
sawdust, wood chips, etc). Primary residues collected during creation or maintenance are a valuable
resource and shouldn’t be considered as wastes [6]. Unfortunately, only round wood (i.e., stemwood)
is typically collected during firebreak maintenance and harvested from site, while the above ground
biomass (such as branches, foliage and treetops) is disposed of adjacent to the collection site.

An emerging area of interest is renewable energy production from forest biomass residues [7].
Indeed, there is a strategic increase of the installed electrical capacity using biomass residues in
different countries, for example Portugal and China [8]. In the second case, forest biomass is currently
used to generate power and fuel with a share of 54.2% of the available energy sources. Anaerobic
digestion is a mature technology that can be used for biogas production from forest biomass residues
[9]. Under appropriate conditions, the theoretical methane yields from lignocellulosic biomass and
woody biomass were between 470 and 480 mL g VS [9]. Actual biogas yield from residual forest
biomass (e.g., pine needles, branches, and bark) with milling pre-treatment ranges from 30 up to 250
mL g VS [6]. The collection and conversion of such biomass not only provides a renewable energy
source but also help reduce the risk of forest fires by removing combustible materials from the forest
floor [7].

This study aims to address this intersection of fire management and energy recovery by
evaluating the biomass residues generated during the maintenance of firebreak zones and forest road
networks on Thasos Island, Greece. Specifically, it focuses on identifying the type and quantity of
vegetation removed, analyzing its physicochemical characteristics, and assessing its potential for
biogas production through anaerobic digestion. By quantifying the biogas yields of different biomass
types, the study seeks to identify which species contribute most significantly to both fire hazard
reduction and renewable energy generation. The overarching goal is to inform more strategic and
sustainable firebreak maintenance practices — ones that not only reduce wildfire risk but also
contribute to circular economy models by valorizing what is typically treated as waste. In doing so,
this research contributes to a growing body of work exploring how land management and energy
systems can be integrated to achieve greater ecological and economic resilience in fire-prone regions.

2. Materials and Methods

2.1. Site Selection and Description

The firebreak examined was situated in Thasos Island (north Greece) ranging between 40 and
440 m altitude (40.784382, 24.660910 to 40.772239, 24.659652). The forest cover of the island constitutes
11,070 ha (full cover 3,033 ha, partially forest cover 4,218 ha, shrubs 3,819 ha) from a total area of
37,226 ha. The firebreak network includes 82 firebreaks with a total area of 437 ha. The firebreak zone
examined was located between “La scala” and “Glikadi beach”. It was 40 m wide and 1500 m in
length, with a total area of 3 ha. Pinus brutia was the most common species of the island and the
forests. In the largest part of Pinus brutia forests there was a ground layer consisting of shrub-like
species with unfavorable effect on the natural regeneration of the forest stands. In this work the
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understory vegetation and shrubs were also collected including Medicago sativa, Verbascum sinuatum,
Cistus creticus and Cichorium intybus. The climate of Thasos is transitional Mediterranean with quite
cold, rainy winters and hot, sunny summers.

Figure 1. Location of Thasos Island and the firebreak under investigation.

2.2. Vegetation Removal Process

Daily 10-15 m of firebreak was cleared depending on the number of trees present. Forest biomass
in firebreak consisted mostly of Pinus brutia trees with different sizes. Before clearing the site, the
number and diameter of trees and the presence of low vegetation were recorded. The trees were then
cut down using chainsaws, the branches and treetops were removed, while the tree trunk was cut to
assist harvesting. The tree branches from each study site were collected to the ground, compressed
by foot and the volume occupied (height, length, width) was determined. Twenty-five (25) sites, each
with an area between 200 to 400 m? were studied in detail. Vegetation removal was performed
manually using a team, including chainsaws, axes and shears for cutting tree branches and low
vegetation.

2.3. Biomass Collection and Classification

Samples of different forest biomass residues (tree branches and shrubs) were transported to the
laboratory to determine their apparent density, i.e., to determine the fresh weight per unit volume of
material. For this purpose, the quantity of material used was 1 m? and a height of around 5 cm.
Moreover, the forest biomass samples were used to evaluate the distribution of shoot/trunk and
foliage/flower. For this reason, five random samplings were carried out from different points of each
of the five predominant species found in the area. The species were Pinus brutia, Verbascum sinuatum,
Medicago sativa, Cistus creticus and Cichorium intybus. After weighing the pinus branches were
separated from the leaves. For the rest of the plant species the stem was separated from the flowers
and leaves. All fractions were weighed as fresh matter. In this work, the biomass samples were
digested without separation, except for pine tree sample where only the needles were ground.
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2.4. Biogas Production Potential

Biogas production potential from the examined forest biomass residues was determined in
laboratory-scale anaerobic digesters with 2 L working volume. The digesters were operated under
mesophilic conditions (38-39 °C) in batch mode using a substrate to inoculum ratio of 0.25. Biogas
production was measured using acidified water displacement in reverse columns. All samples were
milled (using a kitchen grinder) before use in anaerobic digestion experiments. The biogas methane
content was determined using an alkaline trap. Methane yield was expressed per kg volatile solids
added at standard temperature and pressure conditions (STP). Figure 2 show the examined forest
biomass residues before and after milling pre-treatment. Moisture content, totals solids (TS) and
volatile solids (VS) of different biomass samples were determined according to standard methods
[10].

Figure 2. Photographic representation of the examined forest biomass residues before and after milling pre-
treatment: (from left to right) Pinus brutia needles, Medicago sativa, Verbascum sinuatum, Cichorium intybus and
Cistus creticus.

3. Results

3.1. Biomass Quantity and Type

Figure 3 presents the tree height and trunk diameter data of Pinus brutia trees removed from 25
sampling locations within the firebreak zone on Thasos Island. Tree heights ranged from 2 to 12
meters, and trunk diameters varied between 4 and 27 cm. Maintenance operations involved felling
these trees and separating trunks from branches, with branch volume and pine needle content
recorded on site.
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Figure 3. (a) Tree height as a function of the trunk diameter and (b) trunk diameter distribution of Pinus brutia

trees removed during firebreak maintenance.

On average, 22 + 11 trees were removed per 1000 m? of firebreak zone, corresponding to a branch
volume of 11 + 8 m? per 1000 m? (Figure 4). The apparent density of Pinus brutia branches was
estimated at 215 kg m?3. Pine needles represented 31.7% of the branch biomass by weight, as shown
in Figure 5. Low-lying vegetation and shrub biomass included species such as Verbascum sinuatum,
Medicago sativa, Cistus creticus, and Cichorium intybus. Biomass components were classified into leaves,
stems, and flowers. As depicted in Figure 5, Pinus brutia had the lower leaf fraction (32%), compared
to Verbascum sinuatum, Medicago sativa and Cistus creticus (55%).
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3.2. Biomass Composition and Biogas Production

Table 1 summarizes the key physicochemical properties of the biomass samples. Cistus creticus
exhibited the highest moisture content (670 g kg"), while Pinus brutia needles had 537 g kg-1. Volatile
solids (VS) content ranged from 86.9% (dry basis) (Cichorium intybus) to 97.2 % (Pinus brutia).

Table 1. Physicochemical properties and biogas yield of biomass samples collected from firebreak zones.

Sample Moisture TS VS \'% Biogas yield  Biogas yield

(%) (gkg?) (gkg?) (%TS) (m3tn1VS) (m3 tn! FM)
Cistus creticus 670 330 303 91.8 515 156
Cichorium intybus 639 361 314 86.9 455 143
Verbascum sinuatum 654 346 329 95.1 522 171
Medicago sativa 595 405 376 92.8 669 251
Pinus brutia needles 537 463 450 97.2 612 275

Biogas yields from batch anaerobic digestion tests are shown in Figure 6. Medicago sativa yielded
the highest biogas production at 669 + 110 m? tn! VS, followed by Pinus brutia needles at 612 + 83 m?
tn'1 VS. The lowest biogas yield was observed in Cichorium intybus, with 455 + 32 m3 tn! VS. These
results align with the VS content and moisture levels recorded in Table 1. Biogas yield from pine
needles was negligible during the first day of anaerobic digestion experiments which is indicative of
inhibition or low bioavailability. Biogas production typically plateaued within 30 days from all
biomass types, indicating effective degradation within the experimental timeframe. Notably, all
biomass samples demonstrated a biogas yield comparable to typical energy crops (150-250 m? tn"!
FM). Based on the current research, the estimated specific biogas yield from Pinus brutia needles could
reach 230 m? per 1000 m? of firebreak.

The data confirms that firebreak vegetation, particularly pine needle biomass, holds strong
potential for renewable energy generation via anaerobic digestion. These insights also support more
strategic firebreak management by prioritizing the removal of high-biomass and high-yielding

species.
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Figure 6. Cumulative biogas yield over 30 days from selected biomass samples collected from firebreak zones.

The values represent the average of batch anaerobic digestion tests (n=3).
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4. Discussion

4.1. Implications for Firebreak Management

Wildfires can spread rapidly when dry vegetation is abundant, underscoring the importance of
well-maintained firebreaks. In Europe, roughly 65,000 wildfires occur annually, burning about
500,000 hectares — a statistic that highlights the need for effective fuel management to curb such losses
[11]. Regular maintenance of firebreaks is essential for them to remain effective. Without periodic
clearing, they can quickly become overgrown with grasses, shrubs, and saplings, which replenishes
the fuel and diminishes the firebreak’s protective value. Understanding the types and quantities of
biomass present in firebreak zones allows managers to optimize their maintenance strategies.
Different vegetation types burn in different ways, significantly influencing fire behavior [12]. Fine
fuels like dry grasses ignite easily and burn very rapidly, leading to fast-moving flames [13]. These
flashy fuels can cause a fire to race across a landscape, so it is essential to remove or reduce them
within firebreaks. In contrast, larger and denser vegetation (such as thick shrubs or small trees) may
not ignite as readily, but once they are lit they produce longer-lasting flames and can sustain fire for
a greater duration. Such heavy fuels can generate intense heat and tall flame lengths, potentially
allowing wildfire to breach a firebreak if not properly managed [14]. By analyzing the biomass profile
in each section of a firebreak — for instance, identifying areas dominated by fast-burning grasses
versus areas with woody shrubs — land managers can tailor their clearing and thinning practices
accordingly. Dry, fine fuels would be prioritized for aggressive removal, whereas denser or higher-
moisture vegetation might by thinned or pruned to prevent sustained burning [15]. Areas that
accumulate large amounts of biomass quickly (due to fast-growing species or invasive plants) will
require more frequent intervention to keep fuels in check — whether through mechanical clearing,
livestock grazing, or periodic controlled burns [16-18]. In some cases, applying fire-retardant
chemicals or reseeding a firebreak with less flammable plant species could be strategies to maintain
a low fuel load [19, 20].

4.2. Potential for Renewable Energy

Maintaining firebreaks produces significant amounts of vegetative residue — branches, brush,
grasses, and leaf litter — which historically have been treated as waste (often left in place or burned
on site) [21]. However, these biomass residues hold considerable potential as a sustainable energy
source [22,23]. Turning firebreak trimmings and forest residues into bioenergy (for instance, by
producing biogas or wood chips for combustion) can transform a fire safety task into an opportunity
[24]. Recent studies support this dual benefit: by prioritizing the removal of certain high-biomass,
high-fuel vegetation types, fire management efforts can both reduce wildfire hazards and supply
valuable feedstock for bioenergy production [25].

Not all biomass is equal in its energy potential, so understanding which vegetation yields the
most usable energy is key. The results of this study showed that some vegetation types common in
fire-prone areas have remarkably high biogas yields when processed via anaerobic digestion. For
instance, Medicago sativa (alfalfa, a fast growing perennial herbaceous legume) and Pinus brutia
needles stood out for their methane generation, yielding on the order of 600-670 m? biogas per ton
volatile solids — significantly higher than other plant species like Cichorium intybus (~455 m3 tn! VS)
under the same conditions. In practice, dense shrubs and invasive grasses often accumulate
substantial biomass quickly, and this trait translates into significant biogas production potential
when those plants are harvested.

Anaerobic digestion (AD) is one of the most promising ways to convert firebreak biomass into
usable energy (biogas) [26]. AD is a well-established technology where microbes decompose organic
matter in oxygen-free tanks, producing biogas that can be burned for heat and power or refined into
biomethane fuel [27,28]. Forest and brush residues are more fibrous and lignified than typical energy
crops or food waste, but under the right conditions they can still produce a substantial amount of
biogas [29,30]. In fact, theoretical studies indicate that lignocellulosic biomass (like wood and leaves)
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contain enough degradable material to yield around 470-480 mL of biogas per gram of volatile solids,
and while real-word yields are lower, trials with pre-treated forest residues have achieved 30-350 mL
CHa g VS [31,32]. For example, milling pine needles and branches to a fine particle size has been
shown to significantly improve gas yields, with pine biomass producing methane in the upper part
of that range in batch reactors [33,34].

Bioenergy from forest biomass is often considered carbon-neutral when harvested sustainably:
the CO: released from burning biogas or wood is roughly equivalent to the CO: that the plants
absorbed while growing [35]. Additionally, by offsetting the use of fossil fuels, bioenergy derived
from firebreak residues can further contribute to climate-change mitigation [36]. It's worth noting
that wildfires themselves are significant sources of greenhouse gases; for example, a single large
wildfire can release hundreds of thousands of tons of CO: in just days [37,38]. Therefore, preventing
high-intensity fires through fuel removal, and utilizing that biomass in a cleaner energy system, can
have a meaningful emissions benefit in the broader picture.

From an economic perspective, integrating biogas or biomass power production with firebreak
clearing can help defray the costs of wildfire prevention and even create local economic
opportunities. For instance, in parts of the western United States, the establishment of biomass power
facilities has provided an outlet for small trees and woody debris from forest thinning projects,
offsetting what would otherwise be purely disposal costs [39-41]. In a similar way, a community-
scale biogas plant could take in vegetation cleared from local firebreaks and produce electricity or
heat for the community, effectively turning a fire safety by-product into a source of revenue or energy
savings [42,43]. Some countries already capitalize on forest biomass in their energy mix — in China,
for example, forest residues account for over 50% of biomass-based energy production,
demonstrating the viability of large-scale biomass utilization [44-46].

4.3. Challenges and Future Considerations

While the idea of repurposing firebreak biomass for biogas or other energy uses is promising,
several practical challenges must be considered before such a strategy can be scaled up widely. The
vegetation removed from firebreaks is heterogeneous — a mix of grasses, leaves, needles, and woody
debris — each with different combustion or digestion characteristics [47]. For instance, lignin-rich
materials tend to resist decomposition and yield less methane unless given special pre-treatment [48].
In experiments, some forest biomass samples (like dry leaf litter and bark) produced as little as 20—
80 mL of methane per gram of volatile solids, whereas more easily degraded organic matter yields
much more [6]. The need for tailored pre-treatments (e.g., grinding to sawdust, thermal or chemical
treatment to break down fibers) is a technical and economic hurdle, as it raises the processing cost
and complexity [49,50]. There could also be issues with digester stability; for example, tree oils and
tannins could inhibit microbial activity if concentrations are high [51]. The results of our study
revealed a slight inhibition in biogas production during the first day of anaerobic digestion
experiments of Pinus brutia needles attributed to the essential oils present therein.

One of the most significant practical challenges is gathering and transporting the biomass from
widely distributed firebreaks to a central processing site. Firebreaks and fuel breaks often stretch
across remote or rugged terrain. The biomass available is typically spread out in a linear fashion, not
piled conveniently in one location. Collecting it requires mobilizing crews and machinery (chippers,
loaders, trucks) along sometimes difficult access roads or trails. The low bulk density of materials like
tree branches, brush, and straw means that they take up a lot of space relative to their weight, making
transport inefficient [52]. This inefficiency drives up transportation costs, especially if the distance to
the bioenergy facility is great. Potential solutions include establishing decentralized digesters near
forest areas minimizing the need for biomass transport. Heavy machinery like masticators or brush
cutters can speed up fuel break clearing, but not all areas are accessible to such equipment (steep
slopes, protected zones, or areas without roads). In some cases, manual labor by saw crews may be
the only way to clear a firebreak, which is slow and costly. Furthermore, once biomass is cut,
additional steps are needed to gather and load it.
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It's also important to ensure that removing biomass from ecosystems for energy doesn’t
inadvertently cause ecological harm [53]. Dead wood and plant litter in forests do play roles in
nutrient cycling, soil protection, and providing habitat for wildlife. If a “fuel break” is too thoroughly
cleaned out, it might lead to erosion or loss of soil moisture retention [54]. Managers will need to
balance fire safety with conservation, perhaps by leaving some level of residue or by timing
operations to minimize impact [55].

5. Conclusions

In summary, integrating firebreak management with biomass-based energy production offers
an innovative way to enhance wildfire preparedness while contributing to renewable energy goals.
The results on biomass types and quantities in the examined firebreaks reveal that by identifying and
removing the most troublesome fuel types (those that not only drive severe fires but also happen to
be good energy sources), we can make forests safer and extract a useful product in the process.
However, realizing this vision on a large scale will require overcoming significant technical,
logistical, and economic challenges. If these challenges are met, communities in fire-prone regions
could implement programs where regular firebreak maintenance yields not just safety benefits but
also locally produced biogas or power — turning a necessary firefighting expense into a partial asset.
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