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Abstract

In the context of green energy, the use of lake reeds is becoming an increasingly important
factor. Therefore, research into the availability of reeds, determining their area in lakes,
predicting the potential biomass volume and calculating the carbon footprint are important.
Currently, there have been no significant research results on the availability of reeds and
the assessment of the sustainability of reed products in Latvia. However, these aspects are
crucial for the development of reed products, as they help to assess their market potential
and environmental impact. The main goal of this work is to develop a method for modeling
the distribution of lake reeds in order to predict their availability in the future, which
would allow assessment of the volume of biomass and its impact on the environment. This
research develops an integrated GIS-LCA framework that combines Sentinel-2 satellite
data, machine learning-based classification, biomass estimation, and carbon footprint
modeling. Using Lake Cirma as a case study, the classification results show that reed stands
occupy 2.18-3.51 percent of the lake area in certain years, corresponding to approximately
1158-1861 tons of biomass. The framework enables quantification of harvesting potential
while considering ecological constraints that limit annual extraction to approximately 50%
of total biomass. The proposed GIS-LCA framework provides a replicable methodology for
assessing reed biomass availability and environmental performance across lake ecosystems.
It supports evidence-based decision-making for sustainable reed resource management
and contributes to the development of low-carbon bioeconomy pathways in line with EU
climate and bioeconomy strategies.

Keywords: reeds; satellite data; classification; green energy; carbon footprint

1. Introduction

The grass family Poaceae is a wetland grass and has a worldwide distribution [1].
Phragmites is a Poaceae genus of four species of large perennial reed grasses. Phragmites
australis (Cav.) Trin. ex Steudel is a tall perennial grass commonly known as the common
reed. In botanical nomenclature, the author citation shows who originally described the
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species and who later reclassified it into the current genus. (Cav.)—Antonio José Cavanilles,

Spanish botanist who first described a species (in another genus) (1799). Trin.—Carl

Bernhard von Trinius, a botanist who transferred the species to the genus Phragmites, but

the publication was not fully formally validated (early 1800s). ex Steud—Ernst Gottlieb

von Steudel, German botanist who formally published and validated the name (1854).
Taxonomy classifies the following Phragmites species:

e Phragmites australis subsp. Americanus—the North American genotype has been de-
scribed as a distinct species;

e Phragmites australis subsp. Australis—the Eurasian genotype—common reed;

e  Phragmites australis subsp. Berlandieri;

e Phragmites australis subsp. Isiacus.

The common reed is gaining attention as a potential feedstock for renewable energy
and bioproducts due to its wide distribution, rapid growth, and low competition with food
crops [2]. Reeds have been evaluated for applications including solid biofuel production
(e.g., pellets) and cellulosic bioethanol, demonstrating feasible calorific properties and
potentially favorable climate impacts compared with conventional fossil alternatives [3,4].
Studies have demonstrated that the common reed can be processed into bio-based building
panels with thermal and acoustic performance comparable to conventional insulation
materials, showing additional valorization pathways [5].

Reed is a widespread plant also in Latvia, which until now was considered mainly as
a nuisance due to its rapid spread. The possibilities for the wider use of reed are described
in [6].

With ongoing economic development, the demand for renewable energy continues to
grow due to its sustainability and lower environmental impact compared to fossil fuels.
Among the various renewable energy sources, biomass is one of the most widely utilized.
Currently, attention is increasingly directed toward non-traditional biomass resources, such
as cultivated energy crops, wood residues, and lake reeds. Rising fossil fuel prices and the
environmental pollution associated with their use have further intensified interest in local
biomass as an alternative energy source. As a result, the rational and efficient utilization of
reed resources has become an important topic of discussion [7].

Reeds simultaneously function as both a potential bioresource and a factor in ecosys-
tem degradation, which requires targeted management, especially in shallow coastal lakes
and wetland areas. Reed management also in protected areas does not contradict nature
conservation goals, but rather serves as a tool for improving the quality of habitats and
sustainable use of bioresources [8]. The lake nature conservation plans emphasize that a
thick layer of dead reeds forms in unmanaged areas, which makes further maintenance of
the areas difficult and degrades them, while regular management allows for the restoration
of coastal grasslands, improvement of water exchange, and maintenance of the landscape,
which is essential for many protected species. At the same time, the plans provide that, sub-
ject to seasonal restrictions and other nature conservation requirements, reed aboveground
biomass can also be obtained in commercially significant volumes—in densely overgrown
areas, mowing is planned over an area of hundreds of hectares, which simultaneously
reduces overgrowth and ensures the extraction of a renewable resource.

The study on the use of controlled burning for reed bed restoration around Lake
Neusiedl provides a timely and empirically grounded perspective on reed management
in the context of climate change. The authors analyze a pilot project demonstrating that
targeted burning can effectively reduce accumulated reed biomass while preserving soil car-
bon stocks. A key strength of the study lies in its methodological versatility: field sampling
is successfully combined with LiDAR data, enabling the spatially precise identification of
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burned areas and the assessment of fire effects. The findings indicate that fire primarily
affects the upper layers of the reed, which are critical for habitat restoration [9].

To assess the potential for reed utilization, it is essential to determine the spatial extent
of reed beds within a specific lake and to analyze changes in their coverage over time. Such
analysis enables the prediction of trends in reed expansion or decline. In this context, the
application of GIS is crucial, as it allows for the comparison of satellite data across different
time periods, the calculation of reed-covered areas for defined reference intervals, and the
forecasting of future dynamics in reed distribution.

Research on reedbed ecosystems using high-resolution drone RGB imagery combined
with deep learning-based semantic segmentation reveals detailed spatial and seasonal
dynamics that traditional satellite-based approaches cannot capture. The study shows that
integrating drone imagery with advanced deep learning methods enables a significantly
more precise assessment of ecosystem changes [10].

Controlling the spread of reeds and ensuring effective monitoring in large water
bodies is an important challenge for both ecological assessment and nature conservation
management. The study provides a practically applicable methodology by combining
Sentinel satellite data with orthophotos for validation. This approach is methodologically
well grounded, as satellite imagery offers broad spatial coverage while orthophotos supply
the necessary high-resolution detail [11].

The spread of the invasive giant reed species along riverbanks poses a notable hydro-
logical risk, while also offering potential opportunities for biomass utilization in biogas
production. Uncontrolled vegetation reduces river flow capacity and increases flood risk, a
particularly relevant issue in Mediterranean regions during episodes of extreme precipita-
tion. To analyze vegetation distribution, the study employs Sentinel satellite imagery with
favourable spectral resolution, using combinations of three spectral bands [12].

Monitoring the degradation and changing distribution of aquatic reeds in European
lakes presents a significant ecological challenge. Traditional monitoring methods are often
costly and time-consuming, whereas Green LiDAR technology can substantially improve
both efficiency and accuracy. This is especially important for smaller lakes, where satellite
imagery lacks sufficient resolution [13].

Assessing the biomass potential of common reed in the wetlands of the Syr Darya
Delta region of Kazakhstan involves the use of remote sensing data combined with Random
Forest machine learning models. By integrating field measurements with high-resolution
Sentinel satellite imagery, the study produces a detailed biomass map and estimates re-
source volumes under the arid climatic conditions near the former Aral Sea. The method-
ological design—linking precise field data with satellite imagery and enhanced regression
models—ensures reliable biomass estimates. Strong model performance indicators further
confirm high predictive accuracy, with the largest biomass concentrations found along river
branches and lake shorelines where water availability remains stable [14].

Although biomass production from naturally occurring reeds does not require cultiva-
tion inputs, emissions associated with harvest, transport, processing, and end-use must
be comprehensively accounted for to assess climate performance. Assessment of physical
and chemical fuel properties further suggests reed biomass can meet solid biofuel quality
requirements, reinforcing its suitability for energy applications [3].

The life cycle assessment (LCA) study has demonstrated that alternative biomass pellet
feedstocks can achieve competitiveness with conventional wood pellets in decentralized
heating systems, highlighting the importance of pathway evaluation case-specific data [15].
The LCA methods are essential for quantifying greenhouse gas (GHG) emissions of bio-
based value chains from biomass harvest through product delivery, enabling comparisons
across utilization pathways and informing sustainable resource use decisions. The carbon
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footprint evaluation revealed that transport intensity and harvest logistics are significant
determinants of emissions [4]. However, these assessments often rely on assumed biomass
quantities in the absence of spatially explicit resource data, limiting their environmental
relevance for regional planning.

Remote sensing studies have demonstrated that Sentinel-based imagery combined
with classification algorithms (e.g., Random Forest) can map reed distribution and estimate
aboveground biomass with reasonably high accuracy, enabling the quantification of spatial
biomass patterns over wetland areas [16]. While remote sensing, GIS analysis, and LCA
are well-established approaches individually, their integration into a coherent, operational
framework for reed biomass applications remains limited. Existing studies typically apply
these methods in isolation or rely on static assumptions regarding biomass availability in
LCA models.

The goal of this study is to establish an integrated methodological framework for
the remote spatial quantification of reed biomass in lake systems with cradle-to-gate
carbon footprint modeling, supporting evidence-based assessment of sustainable reed
valorization pathways within a Latvian bioeconomy context. The framework allows the
explicit evaluation of logistical parameters, such as transport distance, and their interaction
with biomass availability and processing pathways, thereby supporting more realistic
and regionally grounded bioeconomy planning. For the case of Latvia, this integration is
particularly relevant in the context of the European Union Bioeconomy Strategy [17] and
the European Green Deal [18], which emphasize sustainable biomass mobilization, climate
neutrality by 2050, and avoidance of environmental burden shifting. The EU Climate
Law [19] and Fit-for-55 [20] package require robust accounting of GHGs across sectors,
including land use and bio-based value chains.

This article has the following structure. Section 2 presents the materials and methods
of research. Section 3 provides a first stage of research—classification. Section 4 provides a
second stage of research—method validation. The evaluation and analysis of the results
are provided. Section 5 shows the determination of reed biomass. Section 6 provides the
carbon footprint of the use of reed products. Sections 7 and 8 present a discussion and
general conclusions.

2. Materials and Methods
2.1. Satellite Data

The study used data from the Copernicus Sentinel satellites, which are among the
most valuable free approaches to Earth observation resources in the world [21].

Sentinel is the European Union Copernicus program’s satellite series. The Sentinel
satellite missions have been specially designed for the Copernicus Project. Sentinel-1,
Sentinel-2, Sentinel-3, and Sentinel-6 are dedicated satellite missions, whereas Sentinel-4
and Sentinel-5 consist of instruments mounted on EUMETSAT meteorological satellites.

Each satellite is intended for a specific Sentinel-2 application sphere: agriculture,
vegetation, land coverage, and fires. Mapping with Sentinel-2 is one of the most powerful
opportunities that currently offers free satellite data.

Satellite data provide valuable information that supports service providers, govern-
ment agencies, and other organizations in data acquisition and analysis. These information
services are openly accessible and available free of charge, facilitating their widespread use
across various sectors. The data are of high spatial resolution (Sentinel-2: 10-20 m). Data
from satellites are regularly updated (Sentinel-2 every 5 days).

Copernicus is the European Union’s Earth observation program that monitors the
planet and provides information services using data collected by Earth-observing satellites.
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The Copernicus project is based on a string of satellites that carry out Earth ecosys-
tem observations [22]. Copernicus’ technological opportunities, especially in terms of
accessibility and access, have made Copernicus the most popular space data provider in
the world.

Sentinel-2 imagery with 10 m spatial resolution provides sufficient detail for detecting
larger reed belts along lake shorelines, particularly in large lake ecosystems where reed
stands typically form spatially continuous patches. Although smaller or fragmented
reed areas may not be fully captured at this resolution, Sentinel-2 data offer an effective
compromise between spatial resolution, temporal frequency, and free accessibility for
regional-scale environmental monitoring. Similar approaches using Sentinel-2 imagery
have been successfully applied in previous wetland and reed mapping studies.

In a study of the lake, Sentinel-2 satellites were used to obtain reed data. Maps
containing specific lakes were searched for, which were then processed using QGIS
3.44 capabilities. Manual object marking was performed to classify map objects (reed,
water, forests, meadows, etc.). All satellite data were acquired in the month of October.

2.2. Use of GIS

QGIS [23] is a free, open-source geographic information system (GIS) that allows users
to view, edit, and analyze spatial data; create maps; process satellite imagery; and perform
spatial analysis and modeling. It is a powerful cartographic and geospatial data processing
tool with extensive plugin support. QGIS allows users to create maps from raster and
vector layers and supports a wide range of formats through open-source libraries.

QGIS is one of the most popular GIS tools in the world because it has no license fees,
has a very wide range of plugins, runs on the most popular operating systems, and supports
various data formats. Of the many QGIS plugins, the Semi-Automatic Classification Plugin
(SCP), Segmap, and QLEARN were used in this research.

SCP is one of the most powerful and popular QGIS plugins for working with Sentinel-
2 satellite data. In our research, it was used for classification purposes to distinguish reeds
from other objects.

SegMap is a QGIS plugin that uses machine learning capabilities for rapid map
digitization. The plugin integrates artificial intelligence capabilities with QGIS to enable
efficient land-cover mapping, infrastructure monitoring, and environmental analysis.

QLEARN is a QGIS plugin that enables classification using modern machine learning
algorithms. It is integrated into the QGIS environment and was used in our study to train
and predict existing classified features.

To identify reeds in lakes using GIS, it is necessary to combine several methods. First,
satellite data is used to identify various objects in the surrounding field. Second, these
objects are classified to distinguish reeds.

The QLEARN 1.0 plugin was used to test the model, which simplifies model training
tasks by allowing you to train a neural network model for segmenting and classifying any
type of raster geospatial data using a GUI interface in the QGIS environment.

The object classification created with the SCP extension can be used to train a neural
network, which helps to avoid initial object recognition and apply the trained model to any
other areas on the map.

The training process involves marking the desired object areas with the aim of training
the model to recognize only the desired range of objects (this time, only reeds).

The previously trained neural network model can be used to classify objects in other
regions. To begin, a map fragment for the selected area must be prepared by cutting out
satellite images. QLEARN contains a module that performs classification for another area
(Lake Cirma) based on the trained model.

https://doi.org/10.3390/environments13050236


https://doi.org/10.3390/environments13050236

Environments 2026, 13, 236

6 of 21

A fragment of the Lake Razna map in the QGIS environment is shown in Figure 1.

Project Edit View Layer Settings Plugins Vector Raster Database Web Mesh SCP Progessing Help

DR Urppa 4 LOOR a- - @ 5% X
LLAYAY 1% ®] = @
7 o EA- A OOEMIE L B wow Mo 0w ) ORE THc Bx 2
Layers 5 X o - _ ;

v @ e T 30 7, :

== clipT35VNC_A039773_20241017T093f
B 82nd 01:049 pm
[ Band 02:0.56 pm
[ 82nd 03:0.665 ym
» ¥ T35VNC_A039773_20241017T093032,
» 'V B OpenStreetMap \

Log Messages
arip [ @ Plugins (-] QuickMapServices (- Python warning -} Messages @ General

Figure 1. Lake Razna map fragment in the QGIS environment.

2.3. Carbon Footprint Evaluation

The carbon footprint modeling components build upon the satellite data and GIS
approach to quantify GHG emissions related to potential reed valorization pathways
within bioeconomy strategies. The carbon footprint modeling is compliant with Life Cycle
Assessment, which is a standardized methodological framework used to evaluate the
environmental impacts associated with all stages of a product’s life cycle, from raw material
extraction through production, use, and end-of-life management. The methodological
framework of LCA is internationally standardized under ISO 14040 and ISO 14044, which
define its principles, structure, and reporting requirements [24,25].

The primary objective of the carbon footprint assessment within the context of the
study is to assess and compare different reed valorization pathways. The scope of the
carbon footprint model is structured to represent distinct stages of the reed-based product
with a clearly defined set of processes and input parameters from raw material acquisition
to final product delivery to the customer. The reed products included in this model are:

Reed-based pellets;

Reed-based bioethanol;

Reed insulation panels;

Reed roofing materials (reed thatching).

Within the context of this research, climate change is the primary impact category, and
GHGs were expressed in kilograms or tonnes of CO, equivalents, using characterization fac-
tors consistent with IPCC global warming potentials over a 100-year time horizon without
biogenic carbon accounting [26], in line with ISO 14067 [27] that defines requirements and
guidelines for quantification. of carbon footprint of products. Under cradle-to-gate bound-
aries, including biogenic carbon uptake without accounting for the subsequent release
of that carbon at the end of life would lead to an incomplete and potentially misleading
representation of the carbon balance. For products used for fuel, most of the biogenic
carbon stored in the biomass would be released during use. In contrast, construction
products such as insulation panels or roofing materials may store biogenic carbon for
extended periods, with emissions occurring later or under different end-of-life scenarios.
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These end-of-life dynamics differ fundamentally between fuel and material pathways
and are outside the scope of the present study. While this limitation may influence the
absolute comparison of different valorization pathways, the selected boundary allows for a
consistent and focused evaluation of upstream processes directly linked to spatial biomass
availability and logistics. In particular, the approach enables the analysis of how variations
in reed distribution, biomass quantity, and transport distance affect the carbon footprint of
early-stage bioeconomy value chains.

Uncertainty is inherent in the estimation of peatland GHG emissions and arises from
several sources. These include potential errors in land-cover classification from satellite
imagery, particularly due to spectral similarity between peatland types and the use of
single-date data. Additional uncertainty is related to the assignment of emission factors,
which may not fully reflect site-specific conditions such as groundwater level and peat
characteristics. Simplified assumptions, including homogeneous emission behavior within
classes and the exclusion of temporal variability, further contribute to uncertainty. While
these factors may influence absolute emission values, they do not affect the relative spatial
patterns identified, and the results remain robust for comparative analysis and decision-
support purposes.

The most appropriate reference functional unit for accounting the carbon footprint
for different reed valorization pathways is 1 tonne of dry reed biomass available for
valorization. The functional unit ensures comparability across valorization options. The
developed carbon footprint model structure is presented in Figure 2.

Part 2:

Data Entry on Reed Product
Manufacturing Stage

Part 1:

Data Entry on Reed Harvesting Stage

2 ks
1. Definition of Reed Harvesting Areas s 1. Allocation of Harvested Reed Biomass to
Products
2 L 4
2. Definition of the transportation scenario 2. Definition of the transportation scenario to
from the field customer
2 &

3. Carbon Footprint Calculation for

3. Input of Harvested Reed Biomass Amount e Manufacturing Stage

4. Carbon Footprint Calculation for Reed
Harvesting and Transportation to
Manufacturing Site

v

Total carbon footprint from reed
harvesting to transportation to
consumer

Figure 2. Structure of carbon footprint evaluation model for reed-based products.

In part 1, the reed harvesting stage includes the transportation of harvested reed
biomass (see Table 1). Reed harvesting areas are derived from Satellite and GIS data and
represent the spatial units of biomass production in hectares (ha). Multiple harvesting areas
can be defined to reflect spatial variability in reed availability, harvesting intensity, and
local logistical conditions. This is followed by the definition of the transportation scenario

https://doi.org/10.3390/environments13050236


https://doi.org/10.3390/environments13050236

Environments 2026, 13, 236 8 of 21

from the field, where users select the transport mode and specify the transport distance
associated with moving harvested reed biomass to the processing location. The input for
harvested reed biomass quantities corresponds to each harvesting area in tons of reed,
estimated based on a satellite data model. The reed amount represents the harvested dry
biomass used to calculate transport emissions as transported mass per distance. Based on
these inputs, the carbon footprint calculation is performed, accounting for emissions from
harvesting operations and transport activities.

Table 1. Inventory data of reed harvesting and transportation.

Activities Input Type Dataset Value Units

Satellite-based estimate Ecoinvent 3.10; combine

. : -2
Combine harvesting for available reed area harvesting 9.68 x 10 COzeq/ha
Satellite-based estimate
Reed amount : - - -
for available reed amount
Ecoinvent 3.10; transport,
freight, lorry 3.5to 7, 569 x 1074 CO,eq/tkm
EURO6
Ecoinvent 3.10; transport,
) freight, lorry 7.5 to 16, 239 x 1074 COzeq/tkm
User selection of the type EURO6
Transportation of transport and transport :
distance Ecoinvent 3.10; transport,
freight, lorry 16 to 32, 1.94 x 1074 CO,eq/tkm
EURO6
Ecoinvent 3.10; transport,
freight, lorry > 32 metric 1.07 x 104 COqeq/tkm
tons, EURO6
Further, in part 2, the model considers the allocation of harvested reed biomass to
specific reed-based products. This allocation step is directly linked to the total harvested
biomass calculated in the harvesting stage and is subject to a mass balance check to ensure
consistency between the two parts. For each valorization pathway, the user-defined reed
amount (in tonnes of dry biomass) is multiplied by pathway-specific cradle-to-gate emission
factors derived from dedicated LCA studies of pellet, bioethanol, insulation panel, and roof
thatching production to quantify the manufacturing-stage carbon footprint per tonne of
reed input as given in Table 2.
Table 2. Inventory data of reed-based product manufacturing.
Activities Input Type Dataset Value Units
Pellet production User—def%ned reed LCA of rged pellet 8.86 x 1072 COszeq/t
amount in tonnes production stage
B1oethapol User—deﬁned reed LCA of ree(-i bioethanol 6.23 x 10-1 COpeq/t
production amount in tonnes production stage
Panel production User—def%ned reed LCA of re'ed panels 3.17 x 107! COgeq/t
amount in tonnes production stage
Roof thatching User-defined reed LCA of reed roof thatching 6.38 x 10-2 COpeq/t

amount in tonnes

production stage

The transportation scenario to the customer is defined for each product, including the
selection of transport mode and transport distance. Transport to the customer is modeled
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using the same Ecoinvent-based emission coefficients (kg CO; eq per tkm) as applied for
the harvesting-stage transport, ensuring methodological consistency across upstream and
downstream logistics within the cradle-to-gate system boundary.

In order to assess the influence of logistical parameters on the overall carbon footprint,
a sensitivity analysis was performed focusing on transportation distance between reed
harvesting sites and processing facilities. Transport distances of 10, 20, 30, 40, and 50 km
were considered as representative regional scenarios for Latvia.

For each distance, total GHG emissions were calculated for all reed valorization path-
ways (pellets, bioethanol, insulation panels, and roof thatching) by combining emissions
from harvesting, transportation, and production stages. Transportation emissions were
estimated using tonne-kilometer-based emission factors from the Ecoinvent database, while
keeping all other parameters constant.

From a resource management perspective, spatial planning becomes a key factor in
ensuring both environmental and economic sustainability. The results of this study indicate
that transport distance significantly influences the overall carbon footprint, particularly
for low-emission pathways. This implies that decentralized or regionally optimized pro-
cessing systems may enhance both environmental performance and economic feasibility
by reducing logistical costs and emissions. Although a detailed techno-economic analysis
was not performed in this study, the integrated GIS-LCA framework provides a foundation
for future assessments that combine environmental impacts with economic indicators,
supporting more comprehensive decision-making for sustainable reed resource utilization.

Reed biomass harvested in autumn and winter is suitable for both solid fuel and
bioethanol production. Reed green mass is suitable for biogas production, but harvesting
reeds in summer cannot ensure their sustainability—reed stands may disappear.

It is not recommended to harvest all reed areas every year, as this causes changes in
the structure of the reed stands and can have a negative impact on the populations of living
organisms living in the stands. In order not to have a negative impact on the reed stands
and the living organisms living in them, in practice, no more than 50% of the total volume
can be harvested each year. An additional factor is that reed stands are often located within
specially protected natural areas, where economic activity is prohibited.

3. The First Stage of Research—Classification
3.1. Research Object for First Stage

In the first stage of the research, Lake Razna (Figure 3) was selected as the research
object—the second largest lake in Latvia and the largest by volume [28]. The characteristics
of the lake are shown in Table 3.

Table 3. Lake Razna characteristics.

Characteristic Parameters
Coordinates 56°19' N 27°27' E
Water surface area 5756.4 hectares
Mean depth 7.0m
Maximum depth 17.0m
Volume 405,000 million cubic meters
Length of lake shoreline 43.5 km
Maximum length 12.10 km
Maximum width 7.00 km
Average altitude (above sea level) 163.40 m
Maximum altitude (above sea level) 163.50 m
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Figure 3. Location and satellite image of Lake Razna used for reed classification analysis.

3.2. Classification Methods

Training samples (regions of interest) for each land-cover class were manually selected
from multiple spatially distributed areas of the satellite images to capture the spectral
variability of the main surface types (water, forest, soil, grass, and reeds). Care was taken
to select representative samples from different parts of the lake shoreline in order to reduce
potential bias in the classification process.

Once a high-quality image of the lake has been selected, object selection for classi-
fication is carried out to differentiate reeds in the lake from other surrounding objects.
The following designations were used to classify the objects: 0—Unclassified objects,
1—Water, 2—Reed, 3—Wood, 4—Soil, 5—Grass. The designations of map objects are
shown in Figure 4.

Band 1 (Gray)
0 - Undassified
W - water
2-Reed
. 3 - Wood
4 - Soil

. 5-Grass

Figure 4. Reeds (yellow) in the lake in 2020.

Of the many classification methods, two were experimentally selected to determine
the most appropriate and accurate object for classification: Random Forest and Minimum
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Distance Algorithm. The Random Forest method is a decision-tree-based method for
classification purposes [29]. Minimum distance Dijkstra’s algorithm is an algorithm for
finding the shortest path between knots weighted in the graph. It can be used to find
shorter paths from the source peaks for all the rest of the peaks, weighted in the graph.
Minimum distance calculation is a statistical method model for adaptation data, which is
used also for classification purposes [30].

3.3. Results of the First Stage
The following steps were performed sequentially in the study:

e  Using the Copernicus, suitable lake maps with cloud cover of up to 5% are identified
for the selected time period;

e Appropriate objects are identified for classification in the QGIS;

e An appropriate classification algorithm from SCP is selected;

e  C(lassification is performed, and the results obtained are analyzed.

Maps of Lake Razna for the years 2020, 2021, 2023, and 2024 were obtained for the
month of June, when reed growth has already ended. The initial parameters of the Random
Forest algorithm were set to 2000 trees. Figure 4 illustrates the result for the year 2020.
Results for the other years are available in the authors’ previous study [31].

Summary of the reed areas in Lake Razna over the years is shown in Table 4.

Table 4. Results of the classification of reed areas in Lake Razna by year.

Pixel o 2 Area
Year Sum Percentage % Area (m”) (Hectares)
2020 315,912 3.60 31,591,200 3159.12
2021 259,815 2.96 25,981,500 2598.15
2023 288,582 3.29 28,858,200 2885.82
2024 266,918 3.04 26,691,800 2669.18

Thus, this is an opportunity to compare experimental results with data from [32],
which estimated that in 2008, the reed area accounted for about 4% of the water
surface area.

4. The Second Stage of Research—Method Validation
4.1. Research Object for Second Stage

The developed model was also verified for other lakes in Latvia, and in the second
stage of the study, Lake Cirma (Figure 5) was chosen, which is geographically close to
Lake Razna—the distance between the lakes is approximately 30 km in a straight line.

Lake Cirma is one of the largest lakes in Latvia. The characteristics of the lake are shown
in Table 5.

Table 5. Lake Cirma characteristics.

Characteristic Parameters
Coordinates 56°558,475' N 27°2,611,103' E
Water surface area 1361.2 hectares
Mean depth 3.0m
Maximum depth 8.5m
Maximum length 4.4 km
Maximum width 4 km
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Figure 5. Location and satellite image of Lake Cirma used for reed classification analysis.

4.2. Results of the Second Stage

In this research, the second stage does not represent a strict model validation based on
independent ground reference data. Instead, the trained classification model was applied to
another lake with similar ecological conditions to evaluate the transferability and stability of
the method across different spatial contexts. Such a cross-site application allows assessing
whether the developed classification approach produces consistent results when applied to
comparable lake ecosystems.

To verify the model, maps of Lake Cirma for the years 2021, 2023, 2024, and 2025 were
acquired in October. No high-quality maps were found for 2022.

The model performance results are shown in Figure 6 and Table 6.

Year 2021 Year 2023
Year 2024 Year 2025

Figure 6. Reeds in Lake Cirma.
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Table 6. Classification results for Lake Cirma.
Pixel o 2 Area
Year Sum Percentage % Area (m”) (Hectares)
2021 14,481 2.18 1,448,100 144.81
2023 23,269 3.51 2,326,900 232.69
2024 18,432 2.78 1,843,200 184.32
2025 16,594 2.50 1,659,400 165.94

These tabular data make it possible to assess changes in reed areas.

The model trained with the classification data from Lake Razna produced the following
results: training accuracy: 98.39%; validation accuracy: 98.74%.

In the context of the research, the primary objective was not to develop a fully super-
vised land-cover classification model but rather to establish an integrated methodological
framework for estimating reed biomass availability using satellite imagery and GIS tools
and link these results with carbon footprint modeling.

The study relies on Sentinel-2 imagery and semi-automatic classification in the QGIS
environment, where training samples were selected based on spectral characteristics of
known reed areas. Because the study focuses on historical satellite data and large-scale
lake environments, independent ground-truth datasets for the analyzed years were not
available. For this reason, a traditional confusion matrix-based accuracy assessment could
not be performed.

Instead, the reliability of the classification results was evaluated using two comple-
mentary approaches:

1.  Method transferability test.

The trained model was applied to another lake (Lake Cirma) located in a sim-
ilar ecological region. The model successfully identified reed areas and produced
consistent spatial patterns across multiple years, demonstrating the robustness of the
classification approach.

2. Comparison with independent literature data.

Because independent ground-truth datasets for the analyzed years were not available,
a standard confusion matrix-based accuracy assessment could not be performed. Instead,
the reliability of the classification results was evaluated through methodological transfer-
ability and comparison with the previously reported data. The estimated reed coverage
in Lake Razna (approximately 3-4% of the lake area) is consistent with values reported in
earlier studies [32], supporting the plausibility of the obtained classification results.

5. Determination of Reed Biomass

Along with the development of the world economy, the energy demand is increasing.
Renewable energy resources are becoming increasingly important in energy supply because
of their sustainability and lower levels of pollution compared with fossil energy sources.
Among these resources, biomass is one of the most widely used. However, in recent years,
increased attention has been directed toward the use of non-traditional biomass sources,
such as cultivated energy crops and wood residues (stumps, branches, etc.), in order to
reduce the reliance on forests.

One of the plants that could be used for energy production in Latvian conditions
is reeds growing in natural and artificial water bodies. According to the Latvian Lakes
Database, there are 17 lakes and artificial reservoirs in Latvia with an area of more than
1000 ha; in total, reeds can be used for energy production from more than 2000 lakes in
Latvia [33].
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In the literature, the properties of reeds are described with considerable variation. For
instance, the amount of reed biomass obtained from winter harvesting ranges from 3 to
30 t/ha [34].

The density and height of reeds also vary in different water bodies. The high fluc-
tuations in reed productivity in different countries and locations lead to the conclusion
that it is necessary to research the productivity of reed stands growing in Latvia and the
factors that influence it in order to evaluate their energy potential in each water body and
in Latvia as a whole. The use of reeds is associated with several positive aspects: they grow
on their own and do not require planting and fertilization, unlike cultivated energy crops;
they grow in places that are not suitable for growing other crops and do not compete with
the food production industry to any extent; and the extraction of reeds reduces CO, and
CH4 emissions into the atmosphere, as well as the concentration of nitrogen, phosphorus
and heavy metals in natural waters and in the sediments of water bodies.

Reeds yield 40-60 t/ha of green matter or 7.5-13.0 t/ha of dry matter. The literature
mentions that the productivity of reed stands can reach up to 30 t/ha of dry matter when
mowing reeds in the winter period [34]. In reed stands used for wastewater treatment in
Estonia, the dry matter of reeds varied from 3 to 17.6 t/ha. The wide variation in reed
productivity in different studies around the world suggests that it is different and depends
on the location and conditions of reed growth.

In this research, the objective was to estimate the potential biomass availability based
on spatial reed distribution derived from satellite imagery. Because field survey data on
biomass productivity were not available for the analyzed lakes, biomass density values
were derived from the literature reporting typical productivity ranges for common reeds
in similar climatic regions. To address the uncertainty associated with this parameter, the
study does not rely on a single fixed value but instead applies a scenario-based approach
using a biomass range of 8-18 t/ha, representing minimum, average, and maximum
productivity scenarios. This approach allows the results to reflect possible variability in
reed biomass productivity rather than assuming a single deterministic estimate.

Reed biomass productivity may vary considerably depending on environmental con-
ditions such as water depth, nutrient availability, and sediment characteristics. Because
site-specific field measurements were not available for the studied lakes, biomass den-
sity values were derived from the literature sources and applied as a range (8-18 t/ha)
representing minimum, average, and maximum productivity scenarios. This scenario-
based approach partially reflects uncertainty in biomass productivity in the biomass
estimation results.

The amount of lake reed biomass, depending on the reed-covered area, is typ-
ically calculated using the average biomass density per unit area according to the
following expression:

Biomass (t) = Area (ha) x Biomass per 1 ha (t/ha).

The climatic conditions of Lake Cirma are similar to those of other lakes in
Latvia—moderately temperate, with nutrients at an average level. The most common
average range in the region is ~8-18 t/ha for dry biomass. Assuming that the minimum
biomass volume is 8 t/ha, the average value is 13 t/ha and the maximum volume is
18 t/ha. Table 7 shows the biomass volume in Lake Cirma.
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Table 7. Biomass volume in Lake Cirma.

Year Area Minimum Average Maximum
(Hectares) Weight (t) Weight (t) Weight (t)
2021 144.81 1158.48 1882.53 2606.58
2023 232.69 1861.52 3024.97 4188.42
2024 184.32 1474.56 2396.16 3317.76
2025 165.94 1327.52 2157.22 2986.92

6. Carbon Footprint

The GHG emission estimation outcomes derived from the integrated satellite-LCA
framework were applied to Lake Cirma. These results allow an assessment of how spatial
biomass variability and pathway selection influence the overall carbon footprint of reed-
based bioeconomy options.

Figure 7 presents the potential GHG emissions associated with reed harvesting in Lake
Cirma, calculated based on the estimated reed area derived from satellite classification
results. The results demonstrate a direct proportional relationship between identified reed
area and harvesting-related emissions. Consequently, years with a larger classified reed
coverage (e.g., 2023) show higher potential harvesting emissions, while having a higher
harvested reed amount. The variation in emissions across the analyzed years, therefore,
reflects interannual changes in reed spatial distribution and does not account for differences
in harvesting technology.

2.50x10*
2.00x10"
o 1.50x10*
o~
S
+~ 1.00x10*
5.00x10°
0.00x10°
2021 2023 2024 2025

Figure 7. Potential GHG emissions of reed harvesting in Lake Cirma based on the estimated

reed area.

Figure 8 presents the potential GHG emissions associated with reed biomass trans-
portation from Lake Cirma, based on harvested biomass scenarios, assuming a transport
distance of 1 km. Error bars represent the minimum and maximum harvested biomass
scenarios derived from the corresponding reed areas for each year, based on the biomass
yield range provided in Table 7. Emissions were calculated using tonne-kilometer emission
factors for different lorry categories (3.5-7.5 t, 7.5-16 t, 16-32 t, and >32 t) and multiplied by
the corresponding biomass quantities estimated for each analyzed year (2021, 2023, 2024,
and 2025).

The results demonstrate a clear proportional relationship between harvested biomass
amount and transport-related emissions across all vehicle categories. The maximum
harvested biomass scenario consistently results in the highest transport emissions, while the
minimum scenario shows the lowest values. Among vehicle types, larger-capacity lorries
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(>32 t) exhibit the lowest emissions per transported biomass amount due to lower emission
intensity per tonne-kilometer, whereas light and smaller lorries generate comparatively
higher emissions.
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M Lorry 16 to 32, EURO6 M Lorry >32 metric ton, EURO6

Figure 8. Potential GHG emissions of reed transportation from Lake Cirma based on estimated

reed amount.

Annual variation reflects differences in estimated reed biomass quantities rather than
emission coefficients, which were kept constant in the model. The results highlight that
biomass quantity and vehicle selection significantly influence total transport-related GHG
emissions. This indicates that appropriate vehicle capacity selection becomes increasingly
important as reed valorization scales up.

Figure 9 presents the potential GHG emissions associated with reed product manu-
facturing based on the estimated reed biomass amounts in Lake Cirma under minimum,
average, and maximum harvested biomass scenarios for the analyzed years (2021, 2023,
2024, and 2025). The results are calculated by multiplying the harvested dry reed biomass by
pathway-specific product manufacturing emission factors for pellet production, bioethanol
production, insulation panel manufacturing, and roof thatching.

3.00x10°
2.50x10°
2.00x10°
1.50x103

1.00x10° I
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I
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Pellet Bioethanol Panels Roof Thaching
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Figure 9. Potential GHG emissions of reed product manufacturing based on estimated reed amount

in Lake Cirma.
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Bioethanol production exhibits the highest GHG emissions. Panel production shows
intermediate emission levels, while pellet production and roof thatching demonstrate
comparatively lower emissions per tonne of biomass input.

The results highlight that, under cradle-to-gate boundaries, the choice of valorization
pathway by selecting transportation type and manufacturing scenario is a dominant factor
influencing the total carbon footprint of manufactured products. The modeling approach
allowed a sensitivity-type evaluation of carbon footprint performance across different
valorization pathways by incorporating interannual variability in reed harvesting area,
harvested biomass amount, transport selection, and pathway-specific production processes.

The sensitivity analysis of total GHG emissions for reed-based product pathways as a
function of transport distance to the processing facility (10-50 km) is shown in Figure 10,
representing total cradle-to-gate impact over observed years. The results indicate that trans-
port distance has a progressively increasing influence on total emissions, particularly for
pathways with lower production-stage emissions, such as pellet production and roof thatch-
ing. In contrast, for more emission-intensive pathways, such as bioethanol production, the
relative contribution of transport remains smaller compared to production emissions, al-
though it still increases with distance. These findings highlight that transport logistics are a
critical factor in minimizing the overall carbon footprint, especially in regional bioeconomy
systems where biomass is utilized in low-emission processing pathways. Conversely, more
emission-intensive pathways, such as panel and bioethanol production, are less sensitive
to transport distance, as their overall emissions are dominated by production processes,
making the relative impact of transportation comparatively lower.
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Figure 10. Sensitivity analysis of total GHG emissions for reed-based product pathways as a function
of transport distance to the processing facility.

By analyzing biomass conversion scenarios, the study examines how fluctuations in
spatial biomass availability influence upstream emissions and pathway ranking. The trans-
portation scenario is particularly important, as real transport distances to manufacturing
facilities would significantly affect total emissions. Incorporating site-specific logistical
distances in future analyses would allow a more detailed and realistic identification of the
most climate-friendly reed bioeconomy pathways under regional conditions.
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7. Discussion

The integrated GIS-LCA framework developed in this research allows the linking
of spatial data on reed distribution with their potential use in bioeconomy processes,
ensuring methodological continuity between resource identification, assessment of their
availability, and environmental impact modeling. The results demonstrate that Sentinel
2 satellite images combined with QGIS classification tools (SCP, SegMap, QLEARN) are able
to provide sufficient accuracy for the identification of lake reed belts. Similar approaches
using Sentinel data for mapping wetlands and reed biomass have been demonstrated in
previous remote sensing studies, where satellite imagery and automated classification
techniques were successfully applied to detect reed distribution and monitor ecosystem
changes [11,16]. However, other studies highlight that for smaller or fragmented reed
stands, higher spatial resolution data—such as drone imagery or LIDAR—can provide
improved accuracy and more detailed ecosystem characterization [10].

An important contribution is the demonstration that the results of training neural
networks on data from one area allow for the successful classification of reeds in other
lakes, which significantly reduces the amount of manual work and speeds up the resource
mapping process. Similar machine learning approaches have been applied in other studies
to estimate reed biomass using satellite imagery and Random Forest models, demonstrating
strong predictive performance when combined with spatial environmental data [14]. Such
an approach is especially important in Latvia, where reed areas are extensive, but systematic
monitoring has not been carried out so far.

From a sustainable resource use perspective, the research shows that transportation
distance is one of the most important factors determining carbon footprint. This finding
is consistent with previous life cycle assessment studies of biomass utilization pathways,
which show that transport intensity and harvesting logistics can significantly influence
greenhouse gas emissions associated with biomass-based energy systems [15]. This is
particularly important for low-emission products, such as reed pellets or roofing materials,
where transportation emissions can become the dominant impact. The results indicate that
decentralized or regionally optimized recycling systems can significantly improve both
environmental and economic performance.

At the same time, ecological constraints must be taken into account, as well as nature
conservation requirements, as some of the reed areas are located in specially protected
areas. This means that biomass availability is not only a technical, but also an ecological
and regulatory issue that must be integrated into future planning models.

The LCA results show that different uses of reeds have different emission intensities.
Bioethanol production is the most intensive, while roofing materials and pellets show the
lowest emission levels. These findings are consistent with the literature [15] that material
use pathways are often more climate-friendly than energy pathways, especially if they
provide long-term biogenic carbon storage.

An important observation emerging from the results is the apparent contrast between
absolute emission intensity and sensitivity to additional emissions. The results demon-
strate that optimal siting of processing facilities and transport planning can significantly
influence the environmental performance of reed-based value chains, suggesting that spa-
tially explicit LCA approaches are essential for realistic bioeconomy assessments. This
appears counterintuitive, but considering the relative contribution of individual life cycle
stages, the dominance of production emissions in high-intensity pathways reduces the
proportional impact of logistics. This highlights the importance of interpreting results
not only in absolute terms but also in terms of contribution analysis, as improvements in
transport efficiency may yield greater relative benefits in low-emission pathways than in
high-emission ones.
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Overall, the research demonstrates that an integrated approach of satellite data, GIS,
and LCA can serve as a practical tool for regional bioresource planning, especially in
countries with extensive wetlands and high biomass potential, such as Latvia.

The most important limiting factors of the research are the following;:

e  Geographic limitations.

The research focuses on Latvian lake ecosystems, which may limit the applicability of
results to regions with different climatic, hydrological, or ecological characteristics.

e  (lassification model limitations.

The neural network model trained using QLEARN was validated on a limited number
of lake areas, which may reduce generalizability to other lakes with different hydrological or
ecological conditions. Potential misclassification of vegetation may influence the estimated
reed-covered area and, consequently, biomass calculations.

e  Biomass estimation assumptions.

The research assumes homogeneous biomass distribution within classified reed areas,
which may not reflect real-world variability. Harvesting constraints—such as protected
areas, accessibility, and ecological restrictions—were not spatially modeled, although they
significantly affect the practically harvestable biomass.

e  Carbon footprint model boundaries.

Emission factors for harvesting and transport are based on generic Ecoinvent datasets,
which may not fully reflect local machinery performance or operational practices in Latvia.
Transport distances were modeled as fixed linear scenarios (10-50 km), without incorpo-
rating real road networks or multi-stop logistics. The allocation of biomass to different
valorization pathways assumes idealized processing conditions and does not account for
potential scale limitations of local industries.

8. Conclusions

This research offers a practically applicable methodological framework for assessing
the availability of reed biomass and modeling the carbon footprint of its use.

An integrated GIS-LCA approach ensures spatially accurate and sustainable resource
planning. Satellite data and QGIS classification tools allow for the identification of reedbed
areas in lakes with sufficient accuracy, while LCA provides the opportunity to assess the
climate impact of different use pathways.

Neural network models significantly reduce the amount of manual work. A trained
model is able to successfully classify reeds in other lakes, which allows for the creation of a
scalable and repeatable monitoring system.

Research results show that Sentinel-2 satellite imagery combined with classification
tools using the QGIS environment enables effective identification of reed-covered areas in
lake ecosystems. The classification results showed that reed stands occupy approximately
2.18-3.51% of the lake surface area in Lake Cirma, corresponding to 144-233 hectares of
reed coverage depending on the analyzed year. The trained classification model achieved
high performance (training accuracy of 98.39% and validation accuracy of 98.74%) and
was successfully transferred from Lake Razna to Lake Cirma, demonstrating the potential
scalability of the method for monitoring reed distribution across multiple lakes.

Based on the estimated reed areas and literature-based productivity values, the poten-
tial reed biomass availability in Lake Cirma was estimated to range from approximately
1158 to 4188 tonnes of dry biomass, depending on annual reed coverage and biomass
productivity scenarios. These results highlight the significant biomass potential of lake
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reed ecosystems and demonstrate the applicability of remote sensing approaches for spa-
tial biomass quantification in regions where field measurements are limited. The results
also indicate that transport distance is a key factor influencing the total carbon footprint.
Increasing the transport distance from 10 to 50 km can significantly increase total emissions.

Future research should focus on improving biomass estimation accuracy through
field validation, higher-resolution remote sensing data, and the integration of additional
environmental variables influencing reed growth dynamics.

The developed framework is suitable for further expansion. It can be supplemented
with economic analysis, higher resolution data (LiDAR, drones), as well as end-of-life
scenarios to provide a full life cycle assessment.
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