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ABSTRACT

Solid biomass is expected to remain a relevant optionfor heat decarbonisation in Serbia, yet its
environmental performance depends strofigly ongdsupply-chain design, including non-road
machinery, logistics, and the electricity mix usedyindprocessing. This study provides a
comparative life cycle assessment of two’ technigally feasible supply chains operating under
Serbian conditions: (i) beech (Fagus sylvatica L.) wood chips produced in high natural forests
using a tree-length system (felling and processing, extraction, chipping, and long-distance
trucking), and (ii) Miscanthus %, giganteussbziquettes produced from a perennial energy crop
(harvesting, baling and loading, short-distance tractor hauling, electricity-driven briquetting,
and trucking to market). The primary funétional unit is one tonne of processed biomass delivered
to the market or enddisery, consistentiwith operation-level foreground data (productivity and fuel
use per tonne). In addition, results are expressed per unit of useful heat delivered by combining
the as-deliveredilowerheatingyvalue with an assumed end-use efficiency, to support screening
across household, distriet-heating, and industrial heat applications. Midpoint impacts are
quantifiedm, fot, climate ¢hange, ozone depletion, terrestrial acidification, freshwater
eutrophication, photochemical ozone formation, and particulate matter formation. Per tonne
delivered, biomass, climate change impacts are comparable, amounting to 35.0 kg CO.-
equivalentfor beech wood chips and 33.5 kg CO:-equivalent for Miscanthus briquettes. On an
energy=scryice basis, using the derived as-delivered lower heating values and a representative
distriet-heating efficiency n = 0.88, climate change impacts are 3.43 kg CO:-equivalent/GJ
uscful heat for beech wood chips and 2.75 kg CO:-equivalent/GJ useful heat for Miscanthus
briquettes, indicating a clearer separation than on a mass basis due to differences in delivered
energy per tonne. Non-climate categories show pronounced trade-offs: beech wood chips exhibit
higher ozone depletion and photochemical ozone formation, whereas Miscanthus briquettes
exhibit higher terrestrial acidification and particulate matter formation under the current Serbian
electricity mix due to electricity demand during briquetting. The results are intended for
screening-level hotspot identification and prioritisation of improvement levers, rather than for
product declarations or comparative marketing claims.
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INTRODUCTION

Solid biomass is widely regarded as Serbia’s most immediately deployable domestic
renewable energy carrier for heat, because it is storable, dispatchable, and compatible with
household heating, district heating, and industrial heat applications. National climate—energy
planning documents explicitly recognise renewable heat, including biomass-based pathways,
as a relevant component of the decarbonisation portfolio for the period to 2030 and be§ond [1].

However, the environmental performance of biomass heat is not determined by, feedstock
identity alone [2]. For solid biofuels, upstream diesel use in non-road machifi€ry, logistics
intensity (distance, load factor, and routing), moisture management, and electricity demand in
processing can dominate life-cycle burdens and shift impacts from the/combustion point to
upstream supply-chain stages [3]. Consequently, supply-chain design parametersjoftén govern
midpoint results more strongly than the nominal “renewable” charagter of the fuel [4].

Policy expectations for the sustainability and greenhouse-gas performanee of biomass fuels
have tightened in recent years. The amended Renewable! EnctgysDirective strengthens
sustainability and greenhouse-gas saving requirements, ineludingprovisions relevant to forest
biomass governance and risk-based approaches to compliance. Although Serbia is not an EU
Member State, methodological alignment with this framework is increasingly relevant for
comparability, credibility of reporting, and cross-bordefidecision contexts [5].

Recent peer-reviewed LCA research inereasinglyy shows that the environmental
performance of solid biofuels for heat is Shaped ptimarily by how the supply chain is
configured: notably preprocessing intensity, logistics design, and energy inputs, rather than by
feedstock identity alone. Sgarbossa et al. [ 6] cempated different wood-pellet supply chains and
showed that upstream processing choices andysupply-chain organisation can substantially
affect climate-change results. Martin-Gamboa et al. [7] reviewed methodological choices in
biomass-pellet life cycle assessment and demonstrated that system boundary definition, energy
inputs, and modelling assumptions strongly influence reported results. These findings support
the use of operation-resolved models'when alternative biomass pathways are compared. The
district-heating literature likewise demonstrates strong dependence on system configuration
and boundary choiees, implying that screening LCAs should explicitly relate fuel pathways to
the heat-service context, [8]. Topi¢ Bozi¢ et al. [9] evaluated firewood and wood pellets as
primary wood=based heating systems and showed that upstream supply-chain and fuel-
preparation ‘choices _affeet environmental performance. Polgar [10] assessed wood utilisation
from a sustammability and carbon-footprint perspective and highlighted the importance of
transpatent,regional assumptions for wood-based energy pathways. These studies reinforce the
need to,parameterise logistics and processing energy explicitly. For densified fuels in particular,
recent life,cyele assessment studies emphasise the importance of preprocessing energy demand.
Koideet al. [11] quantified the influence of plant scale and sawdust drying configuration on
life cycle carbon dioxide emissions and techno-economic performance of wood-pellet
production and combined heat and power pathways. Saosee et al. [12] showed that electricity
and process energy requirements in wood-pellet production can materially affect
environmental performance, particularly when upstream energy supply is carbon- and
emission-intensive. Sadaghiani et al. [13] demonstrated, for a remote-community bioenergy
case, that pellet-based bioenergy performance depends strongly on supply-chain configuration,
conversion pathway, and local energy-system context. These findings support the explicit
treatment of densification electricity and upstream electricity supply in the present screening
comparison. EU renewable-energy governance and sustainability requirements for bioenergy
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[14] are defined through the revised Renewable Energy Directive [15] and associated
implementation guidance [16], [17].

In Serbia, two practically relevant supply-chain archetypes motivate a transparent screening
comparison. The first archetype is forest-based wood chips, characterised by multiple diesel-
dominated non-road operations and potentially long-distance trucking. The second archetype
is densified agricultural biomass, where electricity-driven processing steps can become
decisive, particularly under electricity systems with significant fossil generation. Serbian peer-
reviewed studies have reported inventories and results for both beech wood chips and
Miscanthus-based solid fuels under local operating conditions, providing an empirical basis for
operation-resolved parameterisation in the present screening framework [3], [4].

Cherubini et al. [2] demonstrated that carbon dioxide emissions from biomass cefnbustion
have time-dependent climate effects because atmospheric decay and carbon-cycle interaetions
influence their contribution to global warming. The additional bioenergy cagbon=accounting
literature cited in this study [18] further shows that rotation periods, land-management
counterfactuals, and biogenic carbon timing can change the interpretatign of\greenhotse-gas
indicators. Therefore, screening studies that exclude cultivation, forest rotation, land
occupation, and land-use change must explicitly document these exclusions and define the
limits of comparability.

For densified agricultural biomass in particular, the electriCity mix‘s a key determinant of
acidification- and particulate-related midpoint categories, beeause/upstream power generation
can dominate emissions of sulphur dioxide, nitrogen oxides, and particulate precursors. In the
Serbian context, where power generation remains_influeficed by coal and hydropower,
consistent modelling of grid electricity is essentialdfor réproducibility and robust interpretation
of differences between diesel-driven and electr€ity-driven supply-chain operations [2].

In the Serbian context, policy implementation pathways and compliance expectations are
regularly assessed at the regional level 17], [19], while national decarbonisation planning
frames the medium-term role of solidbiemass,in heat-sector transition [20]; in parallel, recent
electricity-sector trend evidence highlights why electricity-intensive preprocessing steps (e.g.,
densification) can materially affeét non-climate indicators under current supply conditions [2].

Operational parameterisationiof the mass=based functional unit follows the foreground-data
resolution adopted in the Serbian case inventories; the energy-service conversion to useful heat
is implemented usinggtheyexplicit “lower-heating-value and end-use-efficiency pathway
described in the man@script. Aecordingly, the screening levers (transport, fleet, productivity,
and electricity supply)tafe defined explicitly in this manuscript to support scenario-based
interpretation and regionaltransferability.

Novelty and contribution of the study

The innovation i§,an operation-resolved life cycle assessment screening framework tailored
to Serbian flectsvand logistics. The present work advances the Serbian evidence base beyond
stand-alone pathway assessments by formulating a transferable screening model case with
explicit decision relevance and operation-resolved transparency. The contribution is fourfold.

Figst, the study provides a harmonised, process-explicit supply-chain decomposition for
two distinct Serbian archetypes, beech wood chips and Miscanthus briquettes, using a
consistent set of unit operations and a consistent interpretation logic. This facilitates a like-for-
like comparison of where impacts are generated along the chain (non-road operations, trucking,
electricity-driven densification), rather than a comparison of aggregated totals only.

Second, the primary functional unit is deliberately defined as one tonne of delivered product
to match the resolution of available Serbian foreground data (productivity and fuel use per
tonne), thereby enabling transparent unit-process inventory compilation and hotspot attribution.
This choice is not presented as the decision endpoint, but as a screening basis that preserves
traceability of operational parameters and enables robust parameter variation.
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Third, to ensure decision relevance for heat decarbonisation, the manuscript defines a
transparent conversion pathway to express results per unit of useful heat delivered by
combining the as-delivered lower heating value (including moisture effects) with
representative end-use efficiencies. This structure directly addresses the practical need to
compare fuels and supply chains on an energy-service basis, while keeping the underlying
operational inventory intact for scenario screening.

Fourth, the study explicitly targets screening levers that are controllable in Serbian practice
and that frequently dominate results: transport distance and truck standard, machinery
productivity and fuel consumption (modernisation), and electricity supply for densification. By
coupling midpoint results with a lever-oriented interpretation, the work supports prioritisation
of supply-chain improvements and provides a template for extending the modelfto other
Serbian regions and feedstocks under consistent assumptions.

Against this background, the manuscript quantifies midpoint impacts for ¢limate ‘¢hange,
ozone depletion, terrestrial acidification, freshwater eutrophication, photochemical, ozone
formation, and particulate matter formation; identifies dominant operations, and upstream
drivers by category; and positions the resulting model structure for,regional screening
extensions aligned with evolving sustainability expectations.

MATERIALS AND METHODS

This section defines the methodological framework, systém beundagy, inventory modelling
choices, and impact assessment settings adopted for a“screening-level comparison of two
Serbian biomass supply chains.

Methodological approach and study design

This section defines the methodological framework and modelling choices used to
construct a screening-level life cycle assessmentdmodel €ase for two Serbian biomass supply
chains. The design is oriented toward (1) transparent,operation-resolved inventory compilation,
(11) identification of dominant unit operations and upstream drivers by impact category, and
(ii1) parameterisation for scenari@»scteeningyin other regions and for other feedstocks. The
modelling choices follow the® genesal“structure and reporting principles of the relevant
international standards for life'eyclé assessment [21], [22].

Goal and scope

The goal of this'study is to quantify and compare the environmental impacts of two
biomass supply ¢hains under ‘Serbian operational conditions and to identify dominant unit
operations and upstream processes driving each reported impact category. The intended
application fis screemning-level decision support for heat decarbonisation across three end-use
segmentsy household heating, district heating, and industrial heat. The study is formulated as a
modelcase thatican be parameterised for other Serbian regions and additional feedstocks, with
explieit sensitivity levers defined a priori.

Tovalign the modelling approach with decision context and data availability, the analysis
is organised 1nto two screening tiers. Tier 1 expresses result per unit of delivered product mass
to preserve traceability of operation-level data. Tier 2 provides a transparent conversion
pathway to express results per unit of useful heat delivered, enabling cross-fuel comparisons
for heating applications.

Functional units and reference flows

The primary functional unit (functional unit based on delivered mass) is defined as 1 tonne
of processed biomass delivered to the market or end user (as delivered), i.e., beech wood chips
or Miscanthus briquettes. This functional unit is selected because the foreground operational
inventory (productivity and fuel use) is available at the process level per tonne of product,
enabling consistent and transparent compilation of unit-process inventory and hotspot
attribution.
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Because heating options are ultimately compared on an energy-service basis, a secondary
functional unit (functional unit based on delivered useful heat) is defined as 1 GJ of useful heat
delivered at the point of use. Results are converted from the mass-based functional unit to the
useful-heat functional unit by using the as-delivered lower heating value and a representative

end-use efficiency, according to Eq. 1:

Ix,mass
I == 1
k,heat LHV go1'm ( )

where Iy mqss 15 the impact result in category & per tonne delivered product, I peqe 1s the
impact result per unit of useful heat delivered, LHV,; is the lower heating value on an as-
delivered basis (including moisture effects for wood chips), and # is the useful efficiency of
the end-use heat conversion unit. For screening purposes, LHV,;,; and 7 are treated as scenario
inputs reflecting site and technology-specific conditions.

System boundaries and cut-off rules

The system boundary is defined as cradle-to-market/end user for deliveredisolid biofuels,
including operational activities from feedstock acquisition and proeessing to delivery of the
processed product.

For supply chain A (beech wood chips) included processes ares felling'and processing at stump
(chainsaw), extraction to roadside (skidder), chipping (tractor-driven chipper), and long-
distance transport of chips to market/end user (medium truck).

Supply chain B (Miscanthus briquettes) include precesses: harvesting, baling and loading,
short-distance tractor-and-trailer transport from “field to, briquetting site, electricity-driven
briquetting, and long-distance transport of briguettes'to matket/end user (truck).

As a screening cut-off, manufacture of machinery and capital equipment, construction of
the briquetting facility, and infrastructure are excluded. The focus is placed on operational
impacts driven by fuel and electricity/use, whichhare expected to dominate the screening results
and represent the most actionabledmprevemet levers. The exclusion of Miscanthus cultivation
and establishment, land occupation, land=use.change, and forest rotation/carbon stock changes
is explicitly acknowledgeddasta limitation that may affect comparability of climate-change
interpretation. The consequences of thése exclusions are addressed in the interpretation and
limitations discussiong'andiare recommended for inclusion as sensitivity extensions in higher-
tier follow-up work.

Supply chain descriptionsiand unit-process inventory basis

The woadchip supply chain represents the "tree-length beech" system, which is commonly
carried out ‘in theghigh natural forests in Serbia. The system boundaries consider four
operations: 1) felling and processing, 2) extraction, 3) chipping of logs, 4) transportation over
long'distances.to the plant, (see Figure 1).

The supply chain for Miscanthus briquettes includes several of the following operations:
1) mowing or harvesting, 2) baling and loading, 3) transportation by tractor, 4) briquetting, and
5) transportation to market by truck (Figure 1). Quantitative parameters for each unit operation
(time per tonne, fuel/electricity inputs, and transport distances) are reported in Table 1 and are
not repeated here.

Inventory modelling, data sources, and data quality

Foreground inventory data represent Serbian operational practice and are compiled per
functional unit (1 t delivered product) at the unit-process level (process time, fuel/electricity
inputs, and transport services). The representativeness of agricultural machinery practice and
fleet structure is aligned with national statistical evidence, while forestry machinery choices
reflect the documented state and needs of mechanisation in Serbian forestry [23], [24].
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Extraction is modelled as skidder-based hauling to roadside using a cycle-structure
representation  consistent ~with  regional skidding literature [25].  Supporting
machinery/operation sources are used to parameterise comminution and handling steps where
required (e.g., chipper performance proxies and equipment specifications) [26], [27], [28], [29],
[30], [31].

S Wood chips supply chain Miscanthus lc);'l:lqi:ettes supply INPUTS:
1 tonne of N Forest site Agricultural field <::' 1 tonne of
b B miscanthus
eech tree : ;

Felling and Harvesting biomass
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Z | N . b ;
diesel ) $ Baling and loading <: diesel

Extraction |

w

Lubricating oil ¢
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; 3
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Figure 1. Lifefeycle scheme for beech wood chips and miscanthus briquettes
(systemboundaries, operations, inputs and outputs)

Background processes“for diesehsupply, electricity supply, and road transport services are
taken from establishedilife cycle inventory databases (ecoinvent v3.10.1 and Agri-footprint)
and modelledwin “SimaPto (PR¢ Sustainability), with the ecoinvent methodological basis
documented in the database reference publication [32], [33], [34], [35]. Table 1 reports the
resulting “eperation-tesolved inventory per functional unit, enabling transparent hotspot
attribution,in"Rcsults.

Birect @missions from non-road machinery are treated consistently with the screening objective
and'the available foreground resolution; where exhaust emissions are represented, the approach
followssstandard LCA practice by combining fuel/energy inputs with background datasets and
by maintaining transparency on modelling assumptions and data limitations. Direct emissions
from non-road machinery were represented using engine-class-specific emission factors
suitable for older fleets, consistent with the observed age structure of Serbian forestry and
agricultural machinery. Emission factors were applied to derive operation-level emissions (e.g.,
carbon monoxide, hydrocarbons, nitrogen oxides, particulate matter, and greenhouse gases)
according to machine class and operating time; the resulting operation-resolved inventory is
reported in Table 1.
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Transport modelling

Transport services are modelled in tonne-kilometres using a medium truck payload class
of approximately 20 tonnes. The base case assumes 100 km long-distance transport by truck
for both delivered products. For Miscanthus, 10 km short-distance tractor transport from field
to briquetting site is additionally included. Transport distance, truck emission standard class,
and load factor are treated as primary screening parameters due to strong site and market
dependence.

For comparability, fleet assumptions are treated explicitly as a screening lever; the base
case reflects locally typical fleet segmentation, and robustness is assessed through harmonised
Euro-class scenarios (Euro II-Euro VI).

Impact assessment method and reported impact categories

Life cycle impact assessment was performed using ReCiPe 2016 Midpoint(H)hietarchist
perspective), as implemented in the selected life cycle assessment software, Six midpoint
categories are reported: climate change, ozone depletion, terrestrial acidification, freshwater
eutrophication, photochemical ozone formation, and particulate matter formation.“Category
indicators and units are reported consistently with the method!implementation and are
presented in Table 2 for the mass-based functional unit.

Interpretation approach and predefined sensitivity levers

Interpretation follows a screening-oriented structure'comprising: (i) total results per tonne
delivered product and their conversion pathway to_useful heat; (ii) contribution analysis to
identify dominant unit operations and upstream{drivers by ‘eategory; and (iii) predefined
sensitivity levers reflecting controllable parameters ‘and major sources of variability.

Relative differences between supply chains are quantified using the symmetric percent difference, Eq.
2:

-b
Asym(%) = (c(l;Tb) x 100 (2)
2

where a and b are the category resultssfor the two supply chains, and the sign indicates
direction.

Sensitivity levers are defined a pwiori for scenario screening: (i) transport distance (e.g.,
25-200 km), (ii) trugk emissien stanidard class (e.g., Euro II to Euro VI), (iii) machinery
productivity and fuel constimption reflecting fleet modernisation, (iv) electricity mix used for
briquetting (current versusydecarbonised), and (v) as-delivered moisture content and end-use
efficiency formeonversionito‘useful heat. These levers directly support the stated purpose of
regional screening and.prioritisation of supply-chain improvements.

Limitations,and intended use

Thetstudyis designed for screening-level comparison and hotspot identification under
Serbian“gperating conditions. Results are intended for early-stage supply-chain design and
priotitisation of improvement measures, rather than for product declarations or comparative
marketiig claims. Several processes are excluded by screening cut-off (capital goods,
infrastructure, and land-related impacts), and some upstream data are represented by
background datasets and proxies; therefore, conclusions are conditional on the defined
boundary and scenario parameters. Higher-tier follow-up work is recommended to incorporate
cultivation and establishment for Miscanthus, forest rotation and carbon stock dynamics for
woody biomass, and land occupation and land-use change where decision relevance requires
it.
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RESULTS

This section reports and interprets midpoint results for the two biomass supply chains
within the defined screening boundary and cut-off rules. Results are presented primarily per
tonne of delivered product to preserve operation-resolved transparency and to enable
attribution of impacts to individual unit operations using the inventory in Table 1. The
interpretation focuses on (i) category-specific trade-offs, (i1) hotspot mechanisms by operation,
and (iii) decision-relevant sensitivity levers (transport distance and fleet characteristics,
machinery productivity, and electricity supply for densification).

Two supply chains are assessed: (i) beech wood chips from a tree-length system in Serbian
high natural forests and (ii) Miscanthus briquettes produced via harvesting, handling,
electricity-driven briquetting, and transport to market/end user. The detailed umit-process
structure, system boundaries, and operation-resolved inventory used to compile,Table 1 are
reported in the Materials and Methods section (see Figure 1 and Table 1).

Operation-level foreground parameters (process time, fuel use, andsproductivity) were
compiled from the cited Serbian case inventories and supporting machinery/opetationssources.
Forestry machinery representativeness and operation parameterisatiofirarcisuppotted by [24],
[25], [27]. Miscanthus harvesting parameterisation is supported by [29); [30]. Briquetting
(densification) equipment specifications and nominal performance parameters were taken from
the manufacturer documentation [31].

The comparative results are summarised in Table 2 and 1llustrated in Figure 2, Figure 3 and
Figure 4. Relative differences between supply chains are _quantified using the symmetric
percent difference defined in Eq. 2, where the sign ifidieates ditection. Unless stated otherwise,
the present section refers to results per tonne delivered product; the pathway to express results
per unit of useful heat delivered is addressed €xplicitly,in a dedicated subsection.

Table 1. Life cycle inventory for beech wood chips@nd Miscanthus briquette supply chains
calculated per fnctional umit (1t delivered product).

Beech wood chips
Operation: Machinery: Productivity Fuel Pollutant emissions
[h/t]: consumption [g/t]:
[1/t]:
Felling and  chainsaw 0.63 gasoline: 0.62  HC: 574
processing  Husqvarna/sStih['660 lubricating oil:  CO: 1314 NOx: 4
0.02 kg COs: 4490
Extractiong, skidder 0.21 diesel: 5.88 HC: 1093
LKTE, 81 turbo (72 CO: 26
kW) NOx: 36
PM:4
COs: 2841
Chipping mobile chipper: 0.83 diesel: 4.85 HC: 195
Heizohack HM 5e400 CO: 97
p tractor IMT 577 NOx: 4 PM: 15
(52 kW) C0O,:10582

Transport by Agri-footprint process:

Truck

“Transport, Truck 10-20 t, EURO4, 100%LF, default/GLO Energy” f.u.= tkm

Miscanthus briquettes

Operation:

Fuel
consumption

[1/t]:

Productivity
[h/t]:

Machinery:

Pollutant emissions
[g/t]:
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Harvesting New Holland H8080, 0.04 diesel: 1.4 HC: 4
168 kW, 750 HD CO: 22
Specialty Head with NOx: 24
4.7 m cutting width PM: 2
CO,: 2533
Baling and Tractor + press 0.22 diesel: 0.7 HC: 4
loading Wellger 730 CO: 18
NOx: 15
PM: 2
C0O,:1374
Transport Tractor (60 kW) + 0.25 diesel: 1.9 HC: 8
tractor 2 trailers Zmaj- CO: 30
470/489 NOx: 43
PM: 5
C0,:3255
Briquetting BIOMASSER® 3.36 electricity Emissions, from
2Duo- electricity.
Set: —Shredder RK7 (Republic|of Serbia)
(7.5 kW) —2x (Ecoimwvent 3 database)
BIOMASSER® Duo
BS 207 (12.4 kW
Transport Truck>20t 0.08 diesel: 16 Agri-footprint process:
truck “Transport, truck

>20t, EURO2,
100%LF, default/GLO
Mass”

Table 2. Midpoint impact results for beech, wood chips.and Miscanthus briquettes calculated per
functional unit (1 t delivered product),with amadditional energy-service comparison for climate
change per 1 GJ useful heat deliveredi(district heating efficiency #=0.88)

Impact category and its Beechwood chips Miscanthus Relative
unit (1 t delivered) briquettes difference,
(1 tdelivered)  Ag), (%) (1t)

Climate change 35 33.5 +4.4%
CO2eq [kg]*

CO: eq [kg/GJ useful heat], 343 2.75 +22.0

n=0.88

Ozone depletion 51 23.6 +73.5%
CFC.u eqikg]

Terrestrial acidification 201 392 -64.4%
SO: eqig]
Freshwater eutrophication 75 62 +19.0%
P eq [mg]
Photochemical oxidant 462 257 +57.0%
formation NMVOC eq |[g]
Particulate matter 77 145 -61.3%

formation PM10 eq [g]
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* Units differ among impact categories to improve readability. Relative differences were
calculated using Eq. (2), positive values indicate higher impacts for beech wood chips, whereas
negative values indicate higher impacts for Miscanthus briquettes.

Table 2 indicates category-specific trade-offs within the defined screening boundary. Beech
wood chips are higher in climate change, ozone depletion, freshwater eutrophication, and
photochemical ozone formation, while Miscanthus briquettes are higher in terrestrial
acidification and particulate matter formation. These patterns reflect differences in diesel-
intensive unit operations (beech chain) versus electricity demand for densification and
additional handling/short-haul logistics (Miscanthus chain).

For clarity, Figure 2 provides a compact side-by-side comparison of the midpoint'category
results for beech wood chips and Miscanthus briquettes, consistent with the values reported in
Table 2.

LCA Results Comparison: Beech vs Miscanthus
Beech wood chips
Miscanthus briquettes
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Figure 2. CompariSen of midpeint impact results for beech wood chips and Miscanthus briquettes
per functional unit\(1 t delivered product)

The Tier 2 conversion parameters and the key screening assumptions used to translate
mass-based,results to useful heat delivered are summarised in Table 3.

Table'8. Tier=2 conversion parameters and screening assumptions used to express climate-change
impacts per functional unit (1 GJ useful heat delivered), derived from Tier-1 results per 1 t delivered

product
Parameter Beech wood  Miscanthus Base-case  Screening Notes / basis
chips (Beech briquettes value range
energy wood) (Giant
Miscanthus)
Moisture 31.72 10.4 Beech: Beech: Beech MC from
content at (debarked 31.72; 25.96— moisture analysis
delivery, MC mean) Miscanthu 37.48 (debarked mean +
(wet basis), % s 10.4 (£SD); SD); Miscanthus
variant MC from
42.90 proximate analysis
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Ash content 0.66 3.8 as stated Beech: Fuel-quality
(wet basis), % (debarked) 0.66—0.91;  descriptor (not
Miscanthus used in Tier-2
:3-5 conversion
(screening) directly)
Gross 19.446 17.020 as stated Beech: Beech HHV from
calorific (debarked) 19.446—  calorimetry table;
value, HHV, 19.593; Miscanthus HHV
MJ/kg Miscanthus  from ultimate/
:16.5-18.0  calorimetry table
(screening)
Hydrogen 0.060 0.059 Beech: Beech: HHV—LHAV;
mass fraction  (assumption) (measured) 0.060; 0.055- Miscanthus value
on dry basis, Miscanthus 0.065; from ultimate
Hq (H) : 0.059 Miscanthus analysis
: 0.055—
0.063
Lower 11.60 13.83 Beech: Beech: Derived using
heating value (debarked, (derived) 11.60; 10.42— standard
at delivery, derived) Miscanthu 12.79 HHV—LHV and
LHV .., s 13.83 (£SD); moisture correction
MJ/kg high-MCu, (latent heat 2.442
variant ~  MlJ/kg water)
9.30;
Miscanthus
: 13.0-14.5
™McC
sensitivity)
End-use — — 0480 0.75-0.85  Screening
efficiency, # assumption (to be
(assumption) stated explicitly as
— household such)
boiler
End-use - y 0.88 0.85-0.92  Screening
efficiency, » assumption
(assumption)
— district
heating
End-use — — 0.90 0.85-0.93  Screening
efficiency, assumption
(assumption)
— industrial
heat
Electricity - 108.5 108.5 76-109 Derived from
demand for installed power
briquetting, 32.3kW and 3.36
kWh/t h/t; sensitivity via
load factor 0.7-1.0
Long-distance 100 100 100 25-200 Primary screening
trucking lever
distance, km
Short- - 10 10 5-30 Field-to-
distance briquetting
tractor haul transport;

distance, km

screening lever
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Truck Euro IV Euro 11 as stated Euro II-  keep base-case
emission Euro VI difference
standard

(base case)

) LHV 4u was derived from measured gross calorific value (HHHV) and moisture content using a standard
HHV-to-LHV conversion. For Miscanthus, the Tier-2 conversion uses proximate/ultimate and
calorimetric inputs as reported in the source datasets compiled for this study; briquetting-related
parameterisation is supported by [23], the hydrogen mass fraction was taken from ultimate analysis;
for beech, a screening hydrogen fraction typical for woody biomass was assumed. End-use efficiency
values are screening assumptions and should be refined for site- and technology-specific applications.
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Figure 4. Midpoint impact profile for the Miscanthus briquettes supply chain per functional unit
(1 t delivered product)

Results expressed per unit of useful heat delivered (Tier 2)

An energy-service representation is provided by converting Tier 1 results per tonne delivered
product to impacts per 1 GJ useful heat using Eq. (1) and the conversion parameters in Table
3. For climate change, the Tier 2 values are reported directly in the extended Table 2 for n =
0.88 together with the corresponding useful heat delivered per tonne.
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Ozone depletion and robustness of background modelling

Table 2 shows a pronounced difference in the ozone depletion indicator between the two
supply chains (51 kg CFC-11-eq for beech wood chips versus 23.6 kg CFC-11-eq for
Miscanthus briquettes per tonne delivered product). Ozone depletion results in midpoint
assessment are frequently driven by a limited set of upstream background processes and
specific halogenated elementary flows; therefore, this category is particularly sensitive to
database choices, dataset parametrisation, and versioning. Accordingly, the ozone depletion
gap is interpreted here as a screening-level signal rather than as a standalone basis for strong
comparative conclusions.

Because the ozone depletion indicator is strongly influenced by a limited number of
upstream background flows and database-specific halogenated emissions, thefresult is
interpreted conservatively. In this study, ozone depletion is therefore used as a screching®level
indicator of background-process sensitivity rather than as a primary basis for comparative
ranking. The main conclusions are consequently based on more robust and mechanistically
transparent categories, particularly climate change, terrestrial acidification,“phetochemical
ozone formation, and particulate matter formation, where the dominant drivers can be directly
linked to diesel-intensive operations, logistics, and electricity-driven densifieation.

Climate change: consistency across Tier 1 and Tier 2 reporfing

In the climate change category, the supply chains exhibit«comparable burdens when
expressed per tonne of delivered product: 35.0 kg CO--equivalent,for beech wood chips and
33.5 kg COz-equivalent for Miscanthus briquettes, corresponding to @ symmetric difference of
+4.4 % in Table 2. This near-parity at the mass-based functional unit reflects broadly similar
magnitudes of operational energy use per délivered tomne within the defined screening
boundary.

When expressed on an energy-serviée basis, the comparison becomes more decision-
relevant. Using the as-delivered lower heatinghvalues derived from the reported fuel
characterisation and applying representative end-use efficiencies, the climate change impacts
per unit of useful heat delivered afe lower forMiscanthus briquettes in the base case. This shift
is explained by the higher deliveredrenesgy per tonne for Miscanthus briquettes under the
reported moisture content afid calotimetric properties, whereas the delivered energy per tonne
for beech wood chips is_strongly constrained by moisture content. Consequently, moisture
management for wood chips and end-use efficiency assumptions are decisive parameters for
interpreting climate-changewsesults in a heating context, and Tier 2 reporting should be
considered alongside Tier"l results in screening applications.

Terrestrial/acidification and particulate matter formation: linkage to electricity demand
and Tier2 parameters

Ifgterrestrial,acidification and particulate matter formation, Miscanthus briquettes show
higheg, resultssthan beech wood chips (Table 2), with symmetric differences of —64.4% and
—61.3%nrespectively. This outcome is mechanistically consistent with the process structure
and the Tier 2 parameter set (Table 3). Unlike the beech wood chip chain, the Miscanthus chain
includes®an electricity-driven densification step, and the briquetting electricity demand is
substantial on a per-tonne basis (108.5 kWh/t, derived from installed power and operating time;
screening range 76—109 kWh/t). Under an electricity supply mix with significant fossil-based
generation, this upstream electricity demand becomes a dominant driver of sulphur dioxide-
and particulate-related burdens, thereby increasing acidification- and particulate-matter
indicators relative to a diesel-dominated chain where electricity use is limited.

The linkage to Table 3 is also important for interpreting these categories on an energy-
service basis. Miscanthus briquettes have a higher as-delivered lower heating value (LHV 4o =
13.83 MJ/kg) than beech wood chips under the measured moisture content for debarked beech
(LHV 41 = 11.60 MJ/kg), which improves Miscanthus performance when results are expressed
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per unit of useful heat. Nevertheless, the electricity-intensive briquetting step can remain
decisive for acidification and particulate matter formation even after conversion to useful heat,
particularly under coal-influenced electricity mixes. Therefore, the most direct improvement
levers for Miscanthus briquettes in these categories are (i) reducing electricity consumption per
tonne through densification efficiency measures and (ii) sourcing lower-impact electricity, both
of which are explicitly represented as screening levers in Table 3.

Operation-level hotspots and mechanistic explanation

The operation-level hotspot pattern follows directly from the process inventories in Table
1 and the Tier 2 parameters in Table 3. For the beech wood chip chain, chipping emerges as
the dominant operational driver across several categories because it combines (i) comparatively
high process time per delivered tonne (0.83 h/t) with (ii) substantial diesel consumption (4.85
L/t) and (ii1) the associated non-road emission profile reported for this operation=In addition,
chipping is performed with an older tractor—chipper configuration, which amplifies,specific
fuel use and tailpipe emissions per tonne under Serbian fleet conditions 4The, combination of
high specific diesel input and low throughput explains why chipping “centributes
disproportionately to air-quality-related categories (e.g., photochemi€ahozone formation and
particulate matter formation) and also materially affects climate change throughidiesel supply
and combustion burdens.

For the Miscanthus briquette chain, briquetting is the decisive hotspotbecause it introduces
a high electricity demand per tonne in addition to diesel-basediagricultural and short-haul
logistics operations. Table 1 reports an operating time of33¢36 h/tufor briquetting using an
installed electrical power of 32.3 kW, which corre$§ponds to aynominal electricity demand of
108.5 kWh/t; Table 3 therefore defines a screening'tange of 76—109 kWh/t to reflect plausible
load factors. Under an electricity supply miX with substantial fossil-based generation, this
electricity input becomes the primary upstr€éam driver of térrestrial acidification and particulate
matter formation, consistent with the higher valuesiforMiscanthus in these categories in Table
2. Importantly, Miscanthus exhibits(a higher ‘delivered energy content per tonne (LHVier =
13.83 MJ/kg) than beech wood chips under the measured moisture content for debarked beech
(LHV4er = 11.60 MJ/kg), which improves Miscanthus performance on a useful-heat basis;
nevertheless, the electricity “intensity of briquetting can remain category-dominant for
acidification- and particulate-related findicators unless electricity is decarbonised and
desulphurised or process electricity demand is reduced.

In summary, the “teported midpoint trade-offs are consistent with a diesel-dominated
operational chain fory beech chips and an electricity-influenced densification step for
Miscanthus briquettes understhe defined screening boundary; the following section positions
these mechanisms against published LCA evidence.

DISCUSSION

This sectionyinterprets the Serbian screening results in relation to published life cycle
assessment evidence, evaluates the robustness of the main hotspot mechanisms, and identifies
the practical implications and scope of applicability of the proposed model case. The discussion
is organised around contextual benchmarking, sensitivity of the screening comparison, and
operational improvement levers relevant for regional biomass supply-chain planning.

Benchmarking against published life cycle assessments

The purpose of benchmarking in this section is not to establish a definitive numerical
ranking between studies, but to provide a contextual range check for the magnitude of reported
impacts and for the dominant mechanisms identified in the Serbian model case. Published life
cycle assessments of solid biomass supply chains frequently differ in functional unit choice,
system boundary definition, treatment of biogenic carbon and land-related processes,
electricity mix assumptions, and impact assessment methods. Therefore, numerical
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comparisons are interpreted cautiously and are used only where functional units and boundaries
are sufficiently aligned.

For wood chips, the international literature consistently identifies comminution (chipping)
and transport as dominant contributors to operational burdens, with strong sensitivity to
machinery productivity and logistics distance. This qualitative mechanism aligns with the
present Serbian beech wood chip chain, where chipping and long-distance trucking dominate
multiple midpoint categories within the screening boundary.

For Miscanthus-based solid fuels, published studies emphasise the importance of
processing electricity for densification and, when included, cultivation-stage inputs and field
emissions. The present Serbian model case excludes cultivation and establishment by design;
consequently, benchmarking for Miscanthus is restricted to the operational portion ofthe chain
and should not be interpreted as a full agricultural life cycle comparison. Within, this
operational scope, the present finding that briquetting electricity demand drives aéidification-
and particulate-related categories under coal-influenced electricity supply is consistentwith the
broader literature.

Table 4 summarises selected benchmark studies and highlights boundary and functional-
unit differences that condition interpretability. Where studies report fesults,per unit of delivered
energy service, those values are used for contextual comparison; where studies report mass-
based indicators or adopt materially different boundariesd the ‘comparison is limited to
qualitative alignment of hotspots and order-of-magnitude eonsistency:

Table 4. Contextual benchmarking of the Serbian model case'against selected published LCAs.

Study Pathway  Primary Keyboundary), Climate- How to
function differences,ys / change interpret
al unit thisstudy indicator relative to this
study
This study Beech wood It screening 350kg Tierl
chips delivered boundary; no CO:2-eq/t  operational
produet & forest burdens; Tier 2
rotation/carbon available via
stock; no land Table 3
use assumptions
This study  Miscanthus 1t screening 33.5kg  Operational
briquettes delivered boundary; COz-eq/t  burdens only;
product cultivation/esta electricity mix
blishment strongly affects
excluded; no non-climate
land use categories
Periéetial. “Miscanthus  per unit includes value Not directly
(Serbia),[4}, heating of heat  cultivation and  reported comparable
chain (energy heat per MJ  numerically;
service) production heat useful to
stages highlight effect
of including
cultivation
Rincione et 'Wood chips mass-  feedstock value Use for order-of-
al. (Italy) from based  type/residual reported  magnitude
[36] residual assumptions; per mass  comparison
biomass boundary under residual-
details differ biomass

assumptions; do
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not infer ranking

without
boundary
alignment
Scrucca et  Wood chips mass-  regional value Use qualitatively
al. (Italy) from based  context and reported  to support the
[37] residual boundary per mass relevance of
biomass assumptions logistics and
differ processing
assumptions
Balcioglu Forest energy-  district-heating value Use qualitatively
et al. residues for ~ service  context; reported  to justify
(various) district basis or  residue (study-  distance/logistics
[38] heating scenario- assumptions; specific)  as dominant
specific  logistics lever

options

The benchmarking evidence in Table 4 is intended as a contextual range c¢heck rather than
a definitive numerical ranking across studies. Published life cyele assessments of solid biomass
supply chains frequently differ in functional unit choice, system,boundary*detinition, inclusion
of land-related processes and cultivation/rotation dynamics, clectricity mix assumptions, and
impact assessment methods. For this reason, the most defensible benchmarking conclusions
are mechanistic.

For wood chip supply chains, the literature eonsistently identifies comminution (chipping)
and transport as dominant contributors, withtrong sensitivity to machinery productivity and
logistics distance. This mechanism alignsfwithythe presént Serbian beech wood chip chain,
where chipping and long-distance trucking‘dominatedseveral midpoint categories within the
defined screening boundary. Accordingly, theybeech-chain improvement priorities inferred
here, higher chipper productivitygreduced specific diesel use, and logistics optimisation, are
consistent with the operational devers highlighted in comparable studies.

For Miscanthus-based solid fuels, published studies emphasise the influence of processing
electricity for densificationyand, wheredncluded, cultivation-stage inputs and field emissions.
Because cultivation and“establishment are excluded in the present screening boundary,
benchmarking for Miscanthus 18, interpreted only for the operational portion of the chain.
Within this scope, the,finding that briquetting electricity demand drives acidification- and
particulate-related, categories under coal-influenced electricity supply is consistent with the
broader literature and reinforces electricity sourcing and densification efficiency as decisive
levers. Numetical alignment with studies that include cultivation is not attempted here; instead,
those Studiesiarewused to highlight the likely direction and magnitude of additional burdens that
would,enter ashigher-tier agricultural life cycle assessment.

Overally, Table 4 supports the interpretation that the Serbian model case behaves
consistently with international evidence in terms of dominant mechanisms and sensitivity
drivers, While also highlighting Serbia-specific conditions, particularly the age structure of non-
road machinery and the current electricity mix, that can shift the relative importance of diesel-
driven versus electricity-driven operations across midpoint categories.

Sensitivity and robustness of the screening comparison

The comparative outcomes are primarily controlled by a limited set of screening parameters
that vary across Serbian practice and market configurations. First, logistics intensity (transport
distance and payload utilisation) scales the transport contribution approximately with tonne-
kilometres, and its influence is stronger for wood chips when moisture content reduces
delivered energy per tonne. Second, fleet characteristics (truck emission standard and non-road
machinery representativeness) affect air-quality-related categories via nitrogen oxides and
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particulate emissions; therefore, Euro-class assumptions should be treated explicitly as a
robustness lever rather than an implicit modelling choice. Third, Miscanthus briquettes exhibit
an electricity-driven hotspot at the densification stage, so both electricity intensity (kWh per
tonne) and the electricity supply profile are decisive for terrestrial acidification and particulate
matter formation. Finally, the Tier-2 conversion to useful heat is most sensitive to moisture
content (wood chips) and assumed end-use efficiency; these parameters should therefore be
reported transparently and interpreted as scenario inputs within the screening scope rather than
as fixed properties.

Practical implications and scope of applicability

Within the defined screening boundary, the results translate into distinct operational leyers. For
beech wood chips, the dominant reduction potential lies in increasing chipping pfoductivity,
reducing specific diesel consumption in non-road operations, and optimizingslengsdistance
trucking through shorter average distances and improved load factors. For Miscanthus
briquettes, the most effective improvements target the electricity-driven densification step by
lowering electricity consumption per ton and reducing electricity impact inteénsitysthrough
lower-impact supply options; these measures directly address the drivers, of acidification- and
particulate-related trade-offs.

The model case is transferable because it preserves a fixed unit-process structure while
allowing parameterization of the dominant levers (distance,wfleét, productivity, electricity
intensity/supply, and moisture/efficiency for Tier-2 €onvession). This enables regional
screening extensions without rebuilding the inventoryy However, conclusions remain
conditional on the screening cut-off: cultivationand, establishment of Miscanthus, land
occupation and land-use change indicators, and ferest totation/carbon stock dynamics are
excluded by design. Accordingly, the present results should be interpreted as operational
supply-chain burdens and hotspot signals,avhilethigher-tiér extensions are recommended when
land-related indicators or biogenic carbon timing are decision-critical.

CONCLUSIONS

This study developed a screening-level life cycle assessment model case for two biomass
supply chains relevant for heatyapplications in Serbia: beech wood chips produced through a
diesel-dominated forest operations andflogistics chain, and Miscanthus briquettes produced
through a chain that ancludes electfieity-driven densification. Midpoint results per tonne of
delivered product_show, comparable climate change burdens (35.0 kg CO:z-equivalent/t for
beech wood chips and 33.5 kg CO:-equivalent/t for Miscanthus briquettes) but reveal
pronounced tsade-offs in, non-climate categories within the defined operational boundary.
Beech wood chips are higher in ozone depletion and photochemical ozone formation, whereas
Miscanthus briquettes are higher in terrestrial acidification and particulate matter formation
under the,currentelectricity supply assumptions.

Te ensure'decision relevance for heating, results were additionally expressed on an energy-
setvice ‘basis using a transparent Tier 2 conversion to useful heat delivered. Fuel
charagterisation data were used to derive as-delivered lower heating values for both products,
and end-use efficiency was treated as an explicit screening assumption across representative
application segments. When expressed per unit of useful heat delivered, the climate change
comparison becomes more differentiated due to differences in delivered energy per tonne,
particularly the strong influence of moisture content for wood chips. This confirms that
moisture management and end-use efficiency are decisive parameters for interpreting biofuel
performance in heating contexts and should be explicitly reported in regional screening
applications.

Hotspot interpretation indicates distinct and actionable improvement levers aligned with
the dominant mechanisms of each pathway. For beech wood chips, chipping and long-distance
transport are the primary operational drivers; therefore, increasing chipper productivity,
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reducing specific diesel consumption, and optimising logistics distance and payload utilisation
are expected to yield the most direct reductions across multiple impact categories. For
Miscanthus briquettes, briquetting electricity demand is the decisive hotspot for acidification-
and particulate-related categories; therefore, reducing electricity consumption per tonne
through densification efficiency measures and sourcing lower-impact electricity are the most
effective levers within the screening boundary. Transport fleet assumptions were treated as a
robustness concern and were therefore defined as sensitivity levers, consistent with the
screening objective.

The model case is designed to be transferable for regional screening by keeping the unit-
process structure fixed and varying a limited parameter set (transport distances, fleet
characteristics, machinery productivity, electricity intensity and supply, moisture content, and
end-use efficiency). This structure supports rapid extension to other Serbian regions and
feedstocks while preserving process-level transparency for hotspot attribution,

Several processes that can materially influence bioenergy interpretation are excluded by
design, including Miscanthus cultivation and establishment, forest rotation and‘earbon stock
dynamics, and land occupation and land-use change indicators. Consequentlyy, conclusions
should be interpreted as operational supply-chain burdens and screening-level signals. Higher-
tier extensions are recommended when the decision context requires full agricultural coverage,
land-related indicators, or explicit treatment of biogenic carbontiming and forest carbon
dynamics.

Overall, the presented LCA can serve as a model case for evaluating additional Serbian and
regional biomass pathways and for supporting evidence-based prioritisation of supply-chain
improvements and investments.
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NOMENCLATURE
A. Symbols

a — category result for supply,chain, A (beech wood chips) (-)

b — category result for supply chain B (Miscanthus briquettes) (—)

d — transport distance,(kni)

FU — functional unit (1"tofidelivered product, as defined) (—)

I — LCIA result inimpact category & (unit depends on category)

LHYV 4. <lower heating¥alue at delivery (as-delivered basis) (MJ/kg)
m —mass (kg,t)

t — time'(h)

Asym — Symmetric percent difference (%)

n —end-use efficiency (-)

B. Indices and subscripts

k — impact category index (CC, OD, TA, FE, POF, PMF) (-)
A — supply chain A: beech wood chips (-)
B — supply chain B: Miscanthus briquettes (—)

C. Abbreviations

LCA - Life Cycle Assessment

LCI - Life Cycle Inventory

LCIA - Life Cycle Impact Assessment
COzeq — carbon dioxide equivalent
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ReCiPe 2016 Midpoint (H) — LCIA method (Hierarchist perspective)
EURO 11/ EURO IV / EURO VI —road vehicle emission standard classes

D. Impact categories and reporting units

CC - Climate change (kg COz¢q)

OD — Ozone depletion (kg CFC-11¢q)

TA — Terrestrial acidification (g SOazeq)

FE — Freshwater eutrophication (mg P-eq)

POF — Photochemical ozone formation (g NMVOCcq)
PMF — Particulate matter formation (g PM10eq)

STATEMENTS AND DECLARATIONS

Use of Large Language Models / Al: A large language model (ChatGPT, OpenAl)wasdised to
improve academic language and structure. All scientific content, assumptions, data, and
interpretations were reviewed and validated by the authors, who take full g€Spensibility for the
manuscript.
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