European Journal of Forest Research (2022) 141:939-957
https://doi.org/10.1007/510342-022-01483-3

ORIGINAL PAPER q

Check for
updates

A geography-based decision support tool to quantify the circular
bioeconomy and financial performance in the forest-based sector
(r.forcircular)

S.Sacchelli'?® . F. Geri' - C. Becagli® - E. Bianchetto® - A. Casagli® - I. De Meo? - A. Paletto*

Received: 27 December 2021 / Revised: 8 June 2022 / Accepted: 4 July 2022 / Published online: 30 July 2022
© The Author(s) 2022

Abstract

This study focuses on the development, implementation and application of a spatial-based decision support tool—named
r.forcircular—aimed at quantifying both the level of the circular bioeconomy and the financial performance in the forest-based
sector. The methodology merges a set of indicators based on the 4R framework (Reduce, Reuse, Recycle, Recover) of circular
economy in a multicriteria approach. Outputs are computed for different scenarios and are calibrated based on variations in
the selling price of raw materials and on higher mechanisation of production process phases (felling, processing, extraction
and chipping of wood residues). The increase in wood assortment value leads to an improvement in the sustainability of the
forest-wood supply chain in circular bioeconomy and financial terms. The application of a higher level of mechanisation
seems to have conflicting results compared to those of other scenarios. The r.forcircular model was tested in an Italian case
study (in the Municipality Union of Valdarno and Valdisieve in the Tuscany region, Italy) with the aim of understanding its
applicability and replicability in other contexts. The results of the test showed that, in the study area, superior outcomes were
observed for high forests than for coppices due to the low value of wood products obtainable from coppices.

Keywords Forest-wood supply chain - Provisioning services - Sustainability - Spatial analysis - Multicriteria evaluation

Introduction

In recent decades, the growing anthropogenic pressure on
the environment has forced the international policy com-
munity to adopt strategies and policies to reduce the negative

Communicated by Martin Moog.

< S. Sacchelli
sandro.sacchelli @unifi.it

Department of Agriculture, Food, Environment
and Forestry, University of Florence, p.le delle Cascine 18,
50144 Florence, Italy

National Institute of Agribusiness and Sustainability, p.le
delle Cascine 18, 50144 Florence, Italy

Consiglio per la Ricerca in agricoltura e 1’analisi
dell’Economia Agraria (CREA), Research Centre

for Agriculture and Environment, Via di Lanciola 12/A,
50125 Florence, Italy

Consiglio per la Ricerca in agricoltura e I’analisi
dell’Economia Agraria (CREA), Research Centre
for Forestry and Wood, Piazza Nicolini 6, 38123 Trento, Italy

impacts on natural resources (Markard et al. 2012). In this
context, the traditional linear economy paradigm has been
challenged by a more sustainable paradigm—known as the
circular economy or circular bioeconomy paradigm—aimed
at reducing the use of fossil fuels, the production of waste
and the impacts on natural resources (Bruhn et al. 2016;
Loiseau et al. 2016).

The European Bioeconomy Strategy (European Commis-
sion 2018) pays particular attention to the concept of a circu-
lar bioeconomy merging the themes of “circular economy”
and “bioeconomy”. On the one hand, the circular economy
aims at the minimisation of input and waste by promot-
ing the application of the 4R framework (Reduce, Reuse,
Recycle, Recover) throughout production processes and the
provision of services (Kirchherr et al. 2017; Toppinen et al.
2020). On the other hand, the bioeconomy promotes the
substitution or complementation of industrial inputs with
renewable biological resources (Bugge et al. 2016; Toppinen
et al. 2020). The combination of the two concepts allows us
to cope with the limitations of both the circular economy and
bioeconomy as well as to improve political discussion about
their role in sustainable development (Hetemiki 2017). In
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fact, although the themes of both the circular economy and
bioeconomy have been largely explored in environmental
analysis, albeit with alternative terms and definitions (Top-
pinen et al. 2020), the introduction of the new term “circular
bioeconomy” facilitates the categorisation of the subject,
which promotes political strategies, the depiction of targets
and the attainment of goals.

Forest resources play a key role in this sense, with rel-
evant reference to the cascading principle (Mair and Stern
2017), the potential of bioenergy production (Pieratti et al.
2019) and the minimisation of negative trade-offs among
ecosystem services (Bais-Moleman et al. 2018). As empha-
sised by the New EU Forest Strategy for 2030, the circular
bioeconomy is an important opportunity to connect socio-
economic and technical processes with environmental sus-
tainability in the forest-wood supply chain (European Com-
mission 2021). However, circular economy and bioeconomy
have rarely been analysed in the same framework in forest
research (Weiss et al. 2021). Interest in the above-mentioned
issues has rapidly increased in both the scientific and the
grey literature, but some authors stress how the two can be
represented as evolving concepts in the forest-based sector
(Biancolillo et al. 2020).

Forest-based circular bioeconomy and its relationship
with sustainability challenges and novel business opportuni-
ties were investigated in a Special Issue of Forest Policy and
Economics, “Forest-based circular bioeconomy: matching
sustainability challenges and new business opportunities”,
edited by Anne Toppinen, Tobias Stern and Dalia D’Amato.
In the Special Issue, the macro-categories of discourse and
governance, industry and business and biorefineries as
an innovation platform were investigated (Toppinen et al.
2020). A few additional studies on the circular bioeconomy
applied to forests are available in the scientific literature. Of
these, the majority focus on literature reviews debating the
impact of deadwood conservation in public forests (Chisika
et al. 2021), the definition of commercially viable products
(Brandao et al. 2021), biomass and bioresidual availability
in forest areas (Kumar et al. 2021; Gregg et al. 2020) or
the innovative application of wood products (Baldwin 2020;
Wenger et al. 2020). Other studies investigate novel business
or socio-technical models important for the transition to a
circular bioeconomy in the forest-based sector (Nayhd 2021;
Hansen et al. 2021).

The novelty of the topic highlights how a few methods
have been applied to guide decision and policy-makers in
the application and quantification of circularity in the for-
est-based sector. By means of material flow analysis and
a set of indicators, Gongalves et al. (2021) analysed forest
biomass flows and stocks in Portugal to quantify circular-
ity and resource efficiency. Linser and Lier (2020) focused
on how different countries have applied indicators to com-
pute circular bioeconomies in national strategies and their
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relationship with the 2030 Sustainable Development Goals
(SDGs) of the United Nations. A resilience strategic frame-
work was applied by Sanz-Hernéndez (2021) for marginal-
ised forested areas of Spain through a qualitative analysis to
facilitate promotion strategies grounded in a circular bioec-
onomy. D’Amato et al. (2020) employed questionnaires and
interviews gathered from managers in Finnish forest SME
companies to outline the main characteristics of business
models and stakeholders involved in circular bioeconomy
applications.

To the best of the present authors’ knowledge, specific
models, tools or decision support systems (DSSs) to quantify
the level of circular bioeconomy in a specific forest-wood
supply chain currently do not exist.

The main objective of this work is to describe the devel-
opment and application of a DSS—named r.forcircular—
aimed at analysing and measuring the level of sustainability
of a forest-wood supply chain in the context of a circular
bioeconomy. The rest of the paper is organised as follows: in
the “Material and methods” section, the general framework,
applied methodologies and the structure of the model are
described; in the “Results” section, the main findings of DSS
and output from the scenario analysis are reported; the last
sections offer discussion and indication of knowledge gaps
as well as some conclusions.

Material and methods
General framework

The model (r.forcircular) is implemented as an add-on to
the more recent stable releases GRASS GIS 7.8 and 8. It
is currently available both with a graphical user interface
(integrated as GRASS GIS extension) and in bash script
format. The DSS can be considered the first spatial-based
tool to facilitate circular bioeconomy quantification in the
forest-based sector to practically address forest policy and
planning goals. The DSS allows for importing vector and
raster geographical data and for setting parameters related
to the study area boundaries, geomorphology, forest stand
characteristics, as well as technical and economic variables.
The model identifies forest areas potentially exploitable
from both technical (based on geomorphological, logistic
and mechanisation variables) and economic (through the
estimation of stumpage value) perspectives. Subsequently,
the use of indicators belonging to the 4R framework of the
circular economy (Reduce, Reuse, Recycle, Recover) allows
for evaluating the level of circularity of the forest-wood
supply chain. Finally, the application of spatial multicri-
teria analysis (SMCA) (specifically with the compromise
programming—CP—technique) permits the merging of a
unique measure of the level of circular bioeconomy for the
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production of traditional wood assortments and bioenergy
in forest areas. In the SMCA procedure, each indicator is
weighted according to an online questionnaire proposed to
decision-makers operating in the forest-based sector.

Structure of the model
The land information system (LIS) is composed of all geo-
data needed to run the model. Specifically, they can be

divided into mandatory or optional files as shown in Table 1.
Table 2 shows the nomenclature used in the present paper.

Table 1 Land Information System

Quantification of technical and financial availability
of biomass

The quantification of circular bioeconomy indicators was
developed in the framework of provisioning forest ecosystem
services (production of raw material; Millennium Ecosys-
tem Assessment 2005). For this reason, the indicators and
results of the SMCA process were computed on the forest
surface with financial efficiency of the production process or,
in other words, the area where a positive stumpage value can
be reached. The calculation of the stumpage value was car-
ried out following the approach of another GRASS GIS add-
on: r.green.biomassfor (Sacchelli et al. 2013a). The model
starts with the importation of geodata and the conversion
of vectors to rasters. Next, through a multistep approach,

Geodata Description or unit of Mandatory Geodata Description or unit of Mandatory
measure (M)/optional measure (M) / optional
(&) (&)
Tracks Vectorial file reporting M Soil productivity or fertil- From very low (value 1 (0]
forest roads ity* in the attribute table) to
very high (value 5 in the
attribute table)
Boundaries Vectorial file representing O Rotation period* years M
the boundary of study
area
Digital Terrain Model Altitude (m a.s.l.) M Percentage of harvested % M
(DTM) trees during silvicultural
intervention (final har-
vesting or intermediate
thinning)*
Annual average incre- m*ha-y~! M Partitioning of increment % roundwood, % timber M
ment* in assortments® pole, % firewood, %
residues for bioenergy
production
Management* High forest (value 1 in M Price of assortment* €/m’ M
the attribute table) or
coppice (value 2 in the
attribute table)
Treatment* Final harvesting (value1 M Mean low calorific value =~ MWh/m? M
in in the attribute table) of forest species or
or intermediate interven- typologies (LCV)*
tion (e.g. thinning—
value 2 in the attribute
table)
Roughness of terrain* From absent (value 0 in (0] Rivers Localisation of rivers (0]
the attribute table) to
high (value 3 in the
attribute table)
Mean tree diameter* Cm O Lakes Localisation of lakes O
Mean tree volume* m O Protected areas Localisation of protected O

Name of forest species or O
typologies

Forest species or typolo-
gies*

areas

*Column contained in the “forest map”, a vectorial file representing polygons of forest compartments or homogeneous forest type and describing

vegetational, soil and management characteristics
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Table 2 Nomenclature

Symbol Unit of measure

Description

Symbol Unit of measure Description

N

%
%

From absent (0) to high (3)
From 0 to 3

%

%

m’/ha-y™!
%

%

€/m’

€/h
m’/h
€/ha
%

tCOo,

w

3 53 8

Slope of terrain

Upper limit of slope for ground-based
(g) extraction (set by user)

Distance from forest road

Upper limit of distance for ground-
based (g) extraction (set by user)

Roughness of terrain

Upper limit of roughness for ground-
based (g) extraction (set by user)

Upper limit of slope for aerial-based
(a) extraction (set by user)

Lower limit of slope for aerial-based
(a) extraction (set by user)

Upper limit of distance for aerial-
based (a) extraction (set by user)

Annual average increment

Partitioning of increment in assort-
ments (see Eqs. 6-12)

Forest species or typologies

Forest management (high forest or
coppice)
Rotation period

Percentage of harvested trees in final
harvesting or intermediate thinning

Price of assortment

Phase of production process
Hourly unitary cost for the o phase
Efficiency of the o phase

General expenses

Interest rate

Total carbon dioxide emission in for-
est production process

Forest surface

Volume of timber pole

Volume of firewood

Volume of woodchips

Volume of roundwood for paper

Cycle of reuse for wood assortments
in the range from 1 to p

p
Y

%a

%p
%y

%6

LCV

bSV
sV

SV
AE
DIP

%
%

%

%

y
MWh/m?

tCO,/MWh

MWh

€ly
€/hasy™!

€/ha
tCO,/y
Adimensional

See indicator

Adimensional

See indicator
See indicator
See indicator

Adimensional

Volume of roundwood for furniture

Volume of roundwood for building

Volume of roundwood for other uses
Percentage of roundwood for paper

Percentage of roundwood for furniture
Percentage of roundwood for building

Percentage of roundwood for other
uses

Total number of cycles for reuse of a
specific assortments

Percentage of reuse of the product in
every cycle

Lifespan of product

Low calorific value of f specie or
group of species

Conversion factor from produced
bioenergy to avoided CO, emission
due to alternative use of fossil fuel
in heating plants (Francescato and
Antonini 2010)

Bioenergy (A=c-LCV)

Annual stumpage value
Average annual stumpage value

Average stumpage value at harvesting
Annual avoided emission of CO,
Distance from ideal point

Scenario

Indicator of circular bioeconomy

Number of indicators of circular
bioeconomy

Weight of i indicator

Ideal value of i indicator
Anti-ideal value of i indicator
Value of i indicator in n scenario
Metric applied in CP model
l+r

the technical and economic availability of biomass (both
traditional wood assortments and woodchips for bioenergy
production) were quantified. Technical availability depicts
the forest surface where the extraction of wood material is
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possible. This approach combines the type of mechanisa-
tion, limits for slope, distance from roads and roughness
(Sacchelli et al. 2013a). In DSS r.forcircular, the user can set
the upper and, if needed, lower limits for slope and distance
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from roads (Eq. 1) as well as the extraction vehicle used in
the case study (high- or medium-low-power cable crane,
forwarder, skidder, tractor or other).

set set

~
Ad< Uy,

set

iflls< U, Ah< Uy,

~

iflls< Uy, As> Ly, |A[dS Uy,

Indicators of circular bioeconomy

In their recent work, Paletto et al. (2021) carried out a study

IS THRUE then GROUND BASED EXTRACTION |else

ey

IS THRUE then AERIAL BASED EXTRACTION |else

biomass not available

In forest areas where extraction was possible, the stump-
age value was quantified according to Eq. 2:
ul)
SV = | @usm Rep Hp D) =\ Opn* Re - Hy - PR

o

focused on the application of.
circular bioeconomy in a forest-based sector. The research

Vxef (2)

)

The phases of the production process are felling and/or
felling-processing, processing, extraction and chipping of
wood residues. The hourly unitary cost included the machine
and worker costs and can be set by the user. Hourly pro-
ductivity was automatically quantified based on slope, tree
characteristics, prescribed yield and extraction distance
(Sacchelli et al. 2013a). Delay times were also computed.
General expenses (e) were composed of managerial costs for
the organisation of the production process and administrative
costs due to bureaucracy and interest; these were quantified
according to the method proposed by Bernetti and Romano
(2007).

Table 3 Indicators of circular bioeconomy applied in DSS r.forcircular

was structured in three steps: (1) a literature review on circu-
lar bioeconomy related to the forest-based sector by apply-
ing social network analysis to bibliometric science; (2) the
identification of a set of indicators suitable to assess the
forest-based sector; and (3) the identification of an order
of priority of the circular bioeconomy indicators based on
decision-makers’ opinions. Starting from the results of that
study, a set of indicators to describe and quantify the circular
bioeconomy of the forest-wood supply chain was depicted.
This list was then redefined to choose indicators applicable
in spatial models. The indicators currently presented in the
model are reported in Table 3.

4R Indicator Definition
Reduce il—Ratio (on annual basis) between annual value and annual Improving of the process efficiency reducing the utilisation of
mean volume of harvested mass (€/m’ ~y") natural resources
i2—CO, emissions per unit of wood product (tCO,/m?)
Reuse  i3—Harvested surface (ha/y) Forest surface yearly harvested (surface with stumpage value
greater than zero)
i4—Index of reuse (m>-years) The index combines: (i) the wood products lifespan of product; (ii)
the percentage of wood product/material that can be reused; and
(iii) the number of cycles of wood product reuse
Recycle i5—Ratio between the potential economic value of the wood Valorisation of the valuable wood high-quality assortments. The
assortment and the real value earned (€/€) indicator hypothesises that current value of wood assortments
can be improved in alternative—and more remunerative—market
(e.g. small branches applied for pizzeria or restaurant instead of
woodchips etc.)
Recover i6—Percentage of wood waste for bioenergy production (%) Energy recovery from wood waste products. Wood waste is here

i7—Amount of CO, emissions saved per unit of energy produced

by wood wastes (gCO,/kWh)

intended as residuals from harvesting (e.g. tops, branches etc.)
Emissions saved from energy recovery from waste wood products
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Modellisation of each indicator was performed as follows:
I, is computed according to Eq. 3:

sv-('-;)
i = gkt 3
w-H
Ha Hp Hy
o DO, +P+y- X -Op+y+y,- Xy 0,+5+
i4 = o=1 o=1 o=1

Hy

6=y, R, - Hp,, % s 12)

The additional indicator of reuse (i4) is composed of three
different indices combined in a unique algorithm (Eq. 13):
the lifespan of products, the potential reuse and the numbers
of reuse cycles:

13)

Hs He He
215-95+t+)(,- 20 +wty, X w-0 +c+ g, ZIC-HC
o= o=

o=1 o=1

The CO, emissions per unit of produced assortments (i2)
can be formalised as shown in Eq. 4:

o 2,C0

n=2 @

The CO, emissions for each phase of the production pro-
cess (), CO,) were computed using the procedure applied in

Sacchglli et al. (2013a), which combines harvested material
(m?), the efficiency of each phase (m’/h), fuel consumption
of machinery (1 fuel/h) and conversion factor (gCO,/1 fuel).

The annual harvested surface (i3) can be considered a
proxy of material flow. It is quantified as the sum of forest
surface yearly harvestable with financial efficiency (Eq. 5):

3=y %VF where SV > 0 )

DSS r.forcircular hypothesises four different assort-
ments: roundwood, timber pole, firewood and woodchips.
The model assumes a specific destination for the last three
wood products quantified as in Eqs. 6-8:

1= wpy - Rf,m ’ Hf,m - % t (6)
w= wf,m : Rf,m : Hf,m % w (7)
Cc = a)f,m N Rf,m . Hf,m . % c (8)

Roundwood can be allocated in different forest-wood
chains for different purposes; users can define the percent-
age of destination to paper, furniture, building or other uses
to quantify each product (Eq. 9-12):

a = COf,m : Rf,m : Hf,m : % a (9)
B=cp, Ry Hep % p (10)
V= O Ry Hyp - % an

@ Springer

The ratio between the potential economic value of the
wood assortment and the real value earned (i5) is an adi-
mensional number that expresses the potential improvement
of the forest-wood supply chain in economic terms. The
improvement can be theoretically reached in different ways,
for example, with alternative destinations of wood mate-
rial and enhancement of selling prices. In r.forcircular, the
improvement is obtained through an alternative partitioning
of the increment w, ; ,, among assortments. In practice, i5
compares the current use of wood with an optimised one
selected by the user according to local peculiarities and the
forest market. Indicator 5 is included in the “Recycle” group
because recycling is here intended in general term as “the
process of converting materials into new objects”. Therefore,
the wood assortments with the highest added value are those
that can potentially be recycled as opposed to those with
low added value (e.g. wood used for bioenergy production).

Indicator i6 quantifies the energy recovery from waste,
identifying the percentage of woodchips produced in the
study area.

The other recovery indicator (i7) reports the CO, emis-
sions saved per unit of energy produced by woodchips
through Eq. 14:

(c-LCV-p—Y CO,)-10°

(14)
c-LCV - 103

i7=

Weighting of indicators

The importance of each circular bioeconomy indicator was
derived from Paletto et al. (2021), in which—starting from
a total sample of 56 decision-makers operating in the for-
est-based sector in Italy—30 decision-makers completed a
questionnaire (11 representatives of public administrations,
11 representatives of private companies and 8 freelancers).
The decision-makers involved in the study were identified
based on their knowledge and experience in the fields of
bioeconomy, circular economics and forest policy.

The questionnaire was composed—among other sec-
tions—by one question for each indicator asking the
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respondent to assess the indicator’s weight considering
three criteria (efficiency, applicability, replicability) and
using a 5-point Likert scale format (from 1=very low
importance to 5 =very high importance). According to the
outputs provided by Paletto et al. (2021), the results cur-
rently applied in r.forcircular (but modifiable by users) were
i1=0.15,i2=0.12,i3=0.12, {4 =0.13, i5=0.14, i6=0.17
and i7=0.16.

Reporting of results and spatial multicriteria analysis

The DSS highlights the output in both numerical and geo-
graphical formats. By means of zonal statistics operations,
the following results can be reported for the forest surface
where SV > 0: annual availability of assortments (m%/y)
recalibrated in the category of harvested material (i.e. round-
wood, timber pole, firewood and woodchips converted into
bioenergy and expressed as MWh/y), annual stumpage value
(€/y), average annual stumpage value (€/ha-y~'), average
stumpage value at harvesting (€/ha) and avoided CO, emis-
sions (tCO,/y).

Quantification of the circular bioeconomy is expressed by
an SMCA procedure based on the compromise programming
(CP) technique (Carver 1991). CP depicts the distance from
the so-called “ideal” point (Romero and Rehman 2003), a
hypothetical alternative defined as the most suitable level for
each indicator (i) in the considered scenario (n) (Malczewski
1999). The distance from the ideal point (DIP) is measured
with the decision rule:

1 vE . ¢ 1/¢
DIP, = {Zr— } (15)
1% 1%

i=1 in in

Ideal and anti-ideal values are depicted among all val-
ues of forest areas with SV >0 in a specific scenario.
R.forcircular works on a raster basis, and the elementary
unit of each map is represented by a pixel. Therefore, ideal
and anti-ideal values are the best and the worst scores among
all pixels. Specifically, they are denoted as: v+i’n: maximum
value for i1, i3, i4, i5, i6 and i{7; minimum value for i2.
Conversely, for v, .

The metric € expresses the level of compensation among
indicators (Carver 1991). The model applies a default value
equal to 1 for the metric &, meaning a total compensatory
approach.

The DSS also reports the average values in the study area
for indicators i1, i2, i5, i6 and {7 and DIP as well as the total
value (sum) for i3 and i4.

Case study and scenario analysis

The study area was the Municipality Union of Valdarno and
Valdisieve (province of Florence, Tuscany region, Italy)
(Fig. 1).

The territory is a mountainous area located in the cen-
tral Apennines. The surface of the Municipality Union is
49,500 ha with a forest index of 62%. Forests are mainly
composed of broadleaved forests (84%), followed by conifer
forests (10%) and mixed broadleaved-conifer forests (6%).
The most represented forest types are mixed broadleaved for-
ests (50%), European beech (Fagus sylvatica L..)-dominated
forests (15.5%) and oak (Quercus spp.)-dominated forests
(14.5%). Regarding forest management, coppice systems
are prevalent (83%) compared to high forests (17%). Pub-
lic properties are managed in accordance with multifunc-
tional principles, while private forests are mainly focused
on productive functions due to the prevalence of small-sized
coppices.

All geodata, coefficients and selections used to run the
model are reported in “Appendices 1 and 2”. The DSS was
launched with a spatial resolution (squared pixel) of 10 m.

The hypothesised scenario takes into account a sensitiv-
ity analysis based on variation in the selling price for wood
assortments (—20%, — 10%, + 10%, +20%) with respect to
business as usual (BAU) as well as a higher level of mecha-
nisation (HLM) of the production process. Specifically, this
last scenario introduces high-power cable cranes (for steep
terrain) and skidders (for non-steep terrain) in high forests;
low-power cable cranes (for steep terrain) and skidders (for
non-steep terrain) are hypothesised for coppices. Current
applications of machinery (scenario BAU) correspond to
ordinary mechanisation levels in both public and private
properties assuming tractors with winches for both coppices
(all slopes) and high forests in non-steep terrain as well as
low-power cable crane in steep terrain in high forests. The
variability of unitary costs for all machinery is reported in
“Appendix 2”.

Results

Table 4 indicates that maintaining the current level of
mechanisation, the indicators generally improve as the sell-
ing price of wood assortments increases. The main wood
product in the study area in terms of total amount was fire-
wood followed by roundwood. The increase in wood assort-
ments from scenario p=—20% to scenario p = +20% was
particularly evident for timber poles (+1019%), followed
by firewood (+ 810%), bioenergy (+463%) and roundwood
(+46%). The financial performance expressed by the annual
stumpage value (¢pSV) reached the best improvement among
indices (+674%), with more moderate enhancement for
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Fig. 1 Localisation of the study
area in Italy

average annual stumpage value (¢SV:+56%) and a decrease
for average stumpage value (SV: —28%). Strong improve-
ment was revealed for the avoided CO, emissions (+483%).
The majority of circular bioeconomy indicators also showed
an improvement: the best performances were seen with i3
(+704%), i2 (+87%), i1 (+80%) and i4 (+70%). The other
indices revealed balanced enhancement ranging from 4%
with i7 to 15% with i6. The only indicator that showed a
worsening with augmented prices was i5. In fact, the ratio
between the potential economic value of the wood assort-
ment and the real value earned in the local market increased
from scenario p=—20% to scenario p =— 10%, but showed
a decrease from p=—10% to p= +20%. The SMCA out-
put (DIP) indicates an improvement from the p=—20% to
p=+20% scenario.

The application of HLM seemed to have conflicting
results with respect to the other scenarios. The financial
indicators were found to be the best with regard to the aver-
age stumpage value. Carbon dioxide-related indicators had
an advantage in high-mechanisation scenarios for i2. Addi-
tionally, the production of roundwood showed improve-
ment when compared with the scenario from p=—20% to
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p =+ 10%. Other indicators revealed intermediate or worse
performances compared to the alternative scenario. There-
fore, the DIP was better only in the p = —20% hypothesis.

The application of higher prices for wood assortments
led to an augmentation of the forest surface with a positive
stumpage value (Fig. 2). Starting from scenario p =—20%
showing 2544 ha, this value increased in scenario p=—10%
(4013 ha), BAU (7109 ha), p= +10% (9283 ha) and
p=+20% (12,599 ha). The trend previously explained for
the HLM scenario was confirmed here by the forest surface
with SV >0, equal to 3260 ha.

Figure 3 highlights a spatial comparison between forest
areas characterised by SV >0 of the BAU and HLM scenar-
ios. Specifically, the forest surface with financial efficiency
of the production processes for both scenarios amounted to
4272 ha, and the BAU and HLM scenarios were—exclu-
sively—convenient in 2837 and 423 ha, respectively. How-
ever, the superiority of the BAU scenario in terms of the
annual stumpage value reached was highlighted at 6911 ha
vs. 621 ha.

Despite the trend of the annual average stumpage value,
an interesting result was represented by the geographical
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Table 4 Results of wood assortment production, financial output and SMCA

Output Symbol Scenario Scenario Scenario Scenario Scenario Scenario high-
p=—20% p=—10% p=BAU p=+10% p=+20% mechanisation

General indexes

Forest surface F 2544 4013 7109 9283 12,599 3260
with positive
stumpage value
(ha)

Roundwood a+p+y+6 5839 6380 7072 7651 8503 8203
(m*/y)

Timber pole T 106 216 440 763 1183 137
(m*/y)

Firewood (my) w 3229 6926 13,033 20,671 29,372 3549

Bioenergy A 3384 5616 9282 13,815 19,061 4214
(MWh/y)

Annual stumpage ¢SV 59,943 105,647 183,321 300,406 464,236 102,341
value (€/y)

Average stump- SV 3710 3379 2965 2751 2671 5111
age value (€/ha)

Average annual SV 23.56 26.32 28.68 32.36 36.85 31.39
stumpage value
(€/ha-y™")

Avoided CO, AE 906 1539 2571 3836 5285 1147
emission (t)

Indices of circular bioeconomy

11 (z;verage) € i 5.64 6.65 7.57 8.79 10.18 7.46
m

12 (average) i2 430 551 660 745 805 348
(gCO,/m>)

13 (sum) (haly) i3 70 142 259 404 567 83

14 (sum) i4 198,269 222,375 256,352 290,237 336,245 277,250
(m3vyears)

I5 (average) (€/€) iS5 1.21 1.25 1.19 1.14 1.11 1.17

16 (average) (%) i6 12.2 13.0 13.6 13.9 14.1 11.9

17 (average) i7 265 272 275 276 276 270
(gCO,/kWh)

Distance from DIP 3.77 3.62 3.55 3.49 3.41 3.76

ideal point

assessment of DIP for both the HLM and BAU scenarios
(Fig. 4): The map depicts how DIP was lower (a better
result) by 2417 ha in the HLM scenario and 5114 ha in the
BAU scenario.

The DSS r.forcircular facilitated the extrapolation of
results from different geographical boundaries. Through
zonal statistics, both the average annual stumpage value
and DIP were computed for high forests and coppices to
highlight differences between forest management options.
The boxplots in Fig. 5 show higher average annual stump-
age values for high forests than for coppices in every sce-
nario (median values); the difference tended to increase
from p=—20% (26.47 vs. 10.84 €/ha-y~") to BAU (43.80
vs. 17.58 €/ha-y~") and to decrease from BAU to p= +20%
(56.38 in high forests vs. 26.69 €/ha-y~! in coppices). The

HLM scenario stresses a worsening with respect to BAU for
both high forests (—23.5%) and coppices (—12.5%).

The best performance of coppices compared to high for-
ests was evident for DIP (Fig. 6). For each forest manage-
ment option, DIP improved, shifting from the p =—20% to
p=+20% scenario (from 3.22 to 3.17 for coppices and from
4.17 to 4.05 for high forests). High-mechanisation solutions
depicted intermediate levels of DIP (2™ and 3™ ranking for
coppices and high forests, respectively, with median values
equal to 3.14 and 4.12).
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Forest surface with positive stumpage value in scenario p= -20%

- Increment of forest surface with positive stumpage value in scenario p=-10%

- Increment of forest surface with positive stumpage value in scenario BAU

Increment of forest surface with positive stumpage value in scenario p= +10%

- Increment of forest surface with positive stumpage value in scenario p= +20%

Fig. 2 Increase in forest surface with positive stumpage value from scenario p=—20% to p= +20% (highlighted in detail)

Discussion

The main wood product in the study area—in terms of total
amount—was firewood, due to the prevalence of broadleaved
coppices and a deep-rooted tradition in firewood production
for domestic use. Firewood was followed by roundwood,
mainly derived from reforestation with conifers that nearly
all occurred in the 1970s (Cantiani and Chiavetta 2015).
As expected, the increase in wood assortment prices led to
an improvement in both the quantity of harvested material
and the financial efficiency of the production process, except
for the average stumpage value at harvesting (SV). Here,
SV decreased because of the higher amount of forest sur-
face with positive stumpage value; in other words, with low
prices of assortments, only stands that reach high financial
efficiency can be harvested. The compensation among indi-
cators shows a more contained enhancement of the level

@ Springer

of circular bioeconomy expressed by DIP. Another aspect
confirms the variability between financial and circular bio-
economy performances: the average annual stumpage value
was greater in the BAU scenario than in the HLM scenario
by 6911 ha vs. 621 ha, respectively; however, DIP was bet-
ter by 2417 ha in the HLM scenario and 5114 in the BAU
scenario. This is a typical example of a trade-off among eco-
system services, in particular highlighting the potential con-
trast between provisioning and regulating cultural services
or habitat maintenance (supporting services), as confirmed
by various authors (Olschewski et al. 2010; Rose and Chap-
man 2003; Sacchelli 2018). The main advantage of DSS
r.forcircular with respect to other trade-off evaluations is the
representation of conflicts in spatial terms. This procedure is
rarely included in GIS models in the international literature
(Hayhi et al. 2015; Bottalico et al. 2016).

The dynamism of the roundwood market and the preva-
lence of low-quality forest species in coppices (e.g. Quercus
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Forest surface with positive stumpage value in
both BAU and high-mechanisation scenario

Forest surface with positive stumpage value in
high-mechanisation scenario

Forest surface with positive stumpage value in
BAU scenario

Fig.3 Forest surface with positive stumpage value for the BAU and HLM scenarios

spp.) partially explains the differences in results between
coppices and high forests. The average annual stumpage
value was higher in high forests than in coppices; financial
indices in coppices, however, seem to be more sensitive to
the price of wood assortments. In fact, the availability of
wood frequently follows a sigmoidal trend if computed by
means of price-dependent sensitivity analysis (Sacchelli
et al. 2013b). The affirmed market for products related to
high forest with respect to coppices suggests how, in the
present results, the elasticity for high forest could be lower.
In other words, we are in the last part of the function, as con-
firmed by the low difference among stumpage values in high
forests for scenarios p= + 10% and p = +20%. Therefore,
small increments of improvement could be possible with
augmentation of wood assortment prices.

The introduction of HLM in high forests and coppices
does not make the production process more efficient than
that of BAU from a financial viewpoint. The higher hourly
cost of machinery is not compensated for by higher produc-
tivity, probably due to the low value of wood assortments
and difficult work conditions (typical of mountainous areas).

HLM is more efficient than the BAU scenario in terms
of circular bioeconomy (DIP value) for both high forest and
coppices. Additional statistical analysis (spatial multiregres-
sion model, not reported in full) revealed how DIP for both
the BAU and HLM scenarios is not correlated with slope and
extraction distance. DIP quantification can be viewed as a
typical multifaceted phenomenon in which various indica-
tors are combined with each other and with geomorphologi-
cal, logistic, vegetational, technical and economic variables.
The application of the multicriteria approach facilitates the
comparison of different scenarios. Accordingly, the DSS can
be seen as a tool to investigate the forest circular bioecon-
omy in the framework of forest complexity (Corona 2016).

One limitation of this model is the need for a detailed
land information system that is often not available at the
local level in the national context. However, the flexibil-
ity of DSS r.forcircular allows the application of different
input geodata and the consideration of default values for
which information is not present (e.g. some dendrometric
variables).
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Better performance of DIP in high-mechanisation Vs BAU
scenario

Better performance of DIP in BAU Vs high-mechanisation
scenario

Fig.4 Comparison of DIP in BAU and HLM scenarios
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Fig.5 Average annual stumpage value for high forests and coppices per scenario (€/ha-y~!)

The modular implementation of the DSS and the bash literature. Further improvements could provide an in-depth
script-based structure allows for integrating the analysis with ~ analysis of territorial variables, such as investigation of
future additional indicators available in the international  financial and circular bioeconomy performances among
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Fig.6 DIP for high forests and coppices by scenario

forest categories. Different weights and/or metrics could be
tested in the CP model to evaluate how compensation among
criteria can influence the results.

Conclusion

The DSS r.forcircular was tested in the areas of the Munici-
pality Union of Valdarno and Valdisieve, demonstrating the
usefulness of accountability as applied in scenario and sen-
sitivity analysis in the circular bioeconomy framework.
The model facilitates geographical analysis of the produc-
tion process and user-friendly quantification of financial and
bioeconomic indicators. The presence of GUI can promote
innovation and technology transfer among different stake-
holders. In addition, the DSS r.forcircular can support local
decision-makers in achieving the objectives of the New EU
Forest Strategy for 2030 with special regard to the imple-
mentation of the cascading principle as a main driver for

changes in bioenergy policies, ensuring fair access to the
biomass raw material market for the development of innova-
tive, high value-added, bio-based solutions and a sustainable
circular bioeconomy (European Commission 2021). The
introduction of improvements suggested in the discussion
section can serve to stimulate discussion of results and out-
puts from scenarios with policy-makers to deeply investigate
strategies to improve the level of circular bioeconomy of the
forest sector at the local level.

The next steps could be the application of the DSS to
additional case studies in Italy, as well as to extend the indi-
cators and SMCA framework, and to improve its user-friend-
liness for forest managers and decision-makers.

Appendix 1: Land Information System
applied for the case study area

See Tables 5, 6, 7, 8, 9 and 10.
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Table 6 Rotation period by forest category and management (years)

Forest category High forest ~ Coppices
Picea abies Karst. and Abies alba Mill 70 -
Other broadleaves - 8
Ostrya spp. and Carpinus spp. - 18
Castanea sativa Mill 50 8
Quercus spp. 80 18
Cupressus sempervirens L 80 -
Fagus sylvatica L 90 24
Mixed forests of conifers 63 -
Mixed forests of broadleaves 60 20
Mixed forests of conifers and broadleaves 62 20
Pinus spp. 40 -
Robinia pseudoacacia L. 8 8

Table 7 Percentage of harvested trees in final harvesting by forest

category and management

Forest category High forest ~ Coppices
Picea abies Karst. and Abies alba Mill 70% -
Other broadleaves - 100%
Ostrya spp. and Carpinus spp. - 100%
Castanea sativa Mill 70% 90%
Quercus spp. 70% 80%
Cupressus sempervirens L 100% -
Fagus sylvatica L 60% 80%
Mixed forests of conifers 70% -
Mixed forests of broadleaves 70% 80%
Mixed forests of conifers and broadleaves  70% 70%
Pinus spp. 70% -
Robinia pseudoacacia L 90% 90%

Table 8 Partitioning of assortments by forest category

‘Woodchips (%)

Firewood (%)

Timber pole (%)

Roundwood (%)

Forest category

10
15
15
15
15
10
15
10
15
12.5
10
15

70
85
80
55.0
85

n <
C o0 -0 0 0o N Koo

90
90
27.5
90

Picea abies Karst. and Abies alba Mill
Mixed forests of conifers and broadleaves

Other broadleaves
Ostrya spp. and Carpinus spp.

Castanea sativa Mill
Quercus spp.

Cupressus sempervirens L
Fagus sylvatica L

Mixed forests of conifers
Mixed forests of broadleaves
Pinus spp.

Robinia pseudoacacia L
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Table 9 Partitioning of

Forest category Roundwood  Timber pole  Firewood (%) Wood-
assortmepts b).l foresF ca.tegory (%) (%) chips
f(?r quantification of indicator (%)
w5

Picea abies Karst. and Abies alba Mill 90 0 0 10

Other broadleaves 0 0 90 10

Ostrya spp. and Carpinus spp. 0 0 90 10

Castanea sativa Mill 0 15 70 15

Quercus spp. 0 0 90 10

Cupressus sempervirens L 90 0 0 10

Fagus sylvatica L 0 0 90 10

Mixed forests of conifers 90 0 0 10

Mixed forests of broadleaves 0 5 80 15

Mixed forests of conifers and broadleaves 35 5 47 13

Pinus spp. 90 0 0 10

Robinia pseudoacacia L 0 0 90 10
Table 10 Price of assortments Forest category Roundwood Timber pole  Firewood (€/ Bioenergy
by forest category (€/m’) (€/m’) m?) (E/MWh)

Picea abies Karst. and Abies alba Mill 111 0 0 18

Other broadleaves 0 0 44 18

Ostrya spp. and Carpinus spp. 0 0 75 18

Castanea sativa Mill 0 50 46 18

Quercus spp. 0 0 72 18

Cupressus sempervirens L 53 0 0 18

Fagus sylvatica L 0 0 63 18

Mixed forests of conifers 74 0 0 18

Mixed forests of broadleaves 0 50 56 18

Mixed forests of conifers and broadleaves 74 50 56 18

Pinus spp. 58 0 0 18

Robinia pseudoacacia L 0 0 43 18

Appendix 2: Additional data

See Tables 11 and 12.
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Table 11 Other coefficients and base data applied for the case study area

Symbol Unit of measure Description Value for the case study
set % Upper limit of slope for ground-based extraction (set by 30
! U ' user)
5.8
set m Upper limit of distance for ground-based extraction (set 800 in coppices; 900 in high forests
U by user)
dg
set From 0 to 3 Upper limit of roughness for ground-based extraction (set 1
U by user)
hg
set % Upper limit of slope for aerial-based extraction (set by 100
i U N user)
set % Lower limit of slope for aerial-based extraction (set by 30.1
I user)
s,a
set m Upper limit of distance for aerial-based extraction (set 1000
’ U ' by user)
da
u €/h Hourly unitary cost for the o phase See Table 12
r % Interest rate 3
u Number of cycle for reuse of a specific assortments Paper: 5, furniture: 1, building: 1, other assortments: 0
6 % Percentage of reuse of the product in every cycle Paper: 80%, furniture: 10%, building: 90%
X y Lifespan of products Paper: 2, furniture: 20, building: 25, wood packaging: 3,
other (from roundwood): 3, timber pole: 20, firewood:
1, bioenergy: 0.5
p tCO,/MWh Conversion factor from produced bioenergy to avoided 320
CO, emission due to use of fossil fuel in heating plants
(Francescato and Antonini 2010)
T Adimensional Weights for indicator of circular bioeconomy i1=0.15,i2=0.12,i3=0.12, i4=0.13, i5=0.14,

i6=0.17,i7=0.16

Table 12 Hourly costs for o production phase

Process Total hourly
cost (€/h)
Felling and processing cost with chainsaw 13.17
Extraction cost with high-power cable crane 111.44
Extraction cost with medium-power cable crane 104.31
Extraction cost with skidder 64.36
Extraction cost with tractor 45.00
Chipping 160.87
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