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Abstract 

The emerging concept of circular parks positions protected areas as active generators of 
shared value, as they integrate biodiversity conservation with natural resource optimiza-
tion, local economies, and social cohesion. This perspective challenges traditional passive 
management by applying circular economy principles to parks as dynamic territorial or-
ganisms embedded within a regional socio-ecological metabolism. The research explores 
and tests circular park approaches starting from forest-related resource flows in areas 
where ecological richness coexists with socio-economic fragility. Focusing on the case 
study of the Madonie Regional Park (Sicily, Italy), the research investigates alternative 
pathways for the reuse of retrievable biomass by relating material flows to local social, 
economic, and cultural activities potentially involved in circular processes. This study 
supports the design of recycling, repurpose, and re-vision strategies to transform residual 
biomass into regenerative local value and strengthen the territorial resilience in inner ar-
eas characterized by demographic fragility despite being endowed with significant envi-
ronmental and cultural capital. Through a design-oriented approach, the research exper-
iments with alternative circular strategies in a case study, proposing a shift from extractive 
and mono-output models towards multi-output approaches and from an energy-centered 
towards a community-centered model. This perspective emerges not only as a cultural 
challenge but also as an opportunity to build an operational and replicable planning prac-
tice within the Italian and European park system, contributing to the debate on the eco-
logical transition of fragile territories. 

Keywords: circular park; circular economy; protected areas; regional planning;  
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1. Introduction 
Across Europe, protected areas (PAs) have progressively moved beyond their tradi-

tional conservation mandate to become strategic socio-ecological infrastructures support-
ing climate adaptation, risk mitigation, and biodiversity restoration. Covering approxi-
mately 26% of the EU terrestrial area [1], they represent a core component of EU ecological 
policy, including the EU Biodiversity Strategy 2030 [2] and the Green Deal [3]. 
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Within contemporary literature, PAs are increasingly framed as nature-based system 
operators, whose functioning produces a wide range of ecosystem services, particularly 
regulation operations such as carbon sequestration, hydrological regulation, climate buff-
ering, and soil protection [4,5]. Forest ecosystems, which constitute much of the PA sur-
face, act as key climate regulators by stabilizing microclimates, reducing hydrogeological 
vulnerability, and preserving high levels of biodiversity. 

This evolution has encouraged scholars and policymakers to reinterpret PAs not as iso-
lated “conservation islands” but as active territorial organisms, embedded within a regional 
socio-ecological metabolism. In this context, the emerging concept of the circular park pro-
poses viewing PAs as productive, regenerative systems capable of linking ecological cycles 
with local economies, social innovation, and community-based stewardship [6]. 

A significant share of European protected areas lies within inner and peripheral ter-
ritories, as conceptualized in the ESPON Inner Peripheries framework [7]. These areas are 
marked by demographic decline, low accessibility, limited services, and structural mar-
ginality. Their overlap with protected areas is particularly evident in mountain regions, 
uplands, and sparsely populated rural landscapes. 

Italy exemplifies this trend: most of its national and regional parks fall within “Aree 
Interne” (Inner Areas), defined by the National Strategy for Inner Areas (SNAI) as “areas 
characterized by significant distances from the main centers offering essential services 
such as education, healthcare and transport” [8,9], and frequently coincide with the Ap-
ennine regions, where ecological richness coexists with socio-economic fragility. Here, 
forests perform fundamental ecosystem functions—risk regulation, carbon sequestration, 
and biodiversity conservation—yet their management is often hindered by depopulation, 
ageing populations, and reduced local economies. 

This dual condition—high ecological value combined with socio-economic vulnera-
bility—makes protected areas within inner peripheries priority laboratories for sustaina-
ble development models, where ecological capital stands as a driver for community resil-
ience [10], local innovation, and territorial regeneration. 

The debate on the circular economy has only recently started to consider protected 
areas as potential platforms for regenerative cycles. Both in Europe and in Italy, theoretical 
and practical experiments on this topic remain at an embryonic stage [11]. Some early 
applications can be found in initiatives such as zero-emission parks and waste-free parks, 
which include renewable energy communities, green communities, sustainable mobility, 
and circular bioeconomy practices. The most widespread experiments in Europe, however, 
are primarily linked to forest resources and are largely oriented towards the energetic 
valorization of biomass [12]. Although relevant, this mono-functional approach limits the 
full expression of the circular paradigm, which instead promotes cascading valorization 
of forest resources, preserving material quality as long as possible [13]. 

This research addresses the gap by focusing on the park’s primary metabolic flow 
and advancing a systemic vision oriented towards a circular park model. This entails mov-
ing beyond an extractive paradigm to strengthen the park’s capacity to regenerate natural, 
social, and economic capital, sustaining a dynamic, co-evolutionary balance between peo-
ple and the environment. Forest residues are transformed into multiple value streams 
within a framework where rural areas are no longer mere suppliers of raw materials but 
become active hubs of innovation and sustainable transition. 

Recent studies advocate for a shift from energy-focused uses toward multi-output 
circular strategies that integrate reuse, repair, eco-design, artisanal production, soil regen-
eration, bio-based building materials, and cultural reinterpretation [14]. This perspective 
is consistent with the broader R framework of circular practices. The latter promotes re-
source reduction, life extension, and material recovery and aligns with regenerative and 
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ecosystem-based design principles aimed at restoring ecological functions and supporting 
long-term socio-ecological resilience [15]. 

Against this background, the Madonie Regional Park, Sicily (Italy), emerges as an 
ideal testing ground for proponing multi-output circular strategies of forest resources: it 
combines extensive forest cover and high biodiversity with demographic fragility, making 
it representative of European inner peripheries where circular strategies can strengthen 
resilience, revive local economies, and enhance cultural identity. 

The analysis of maintenance processes in the Madonie Park in Sicily (Italy) offers an 
empirical context to investigate differentiated trajectories of the recycling, reuse, and re-
design of forest flows, demonstrating how such practices can simultaneously contribute 
to strengthening biodiversity, creating local micro-supply chains, and regenerating prox-
imity economies [16]. The objective is to test the capacity of circular forest resource man-
agement to increase territorial resilience in areas marked by demographic fragility and 
limited economic opportunities, showing how the valorization of forest by-products can 
affect risk mitigation, ecosystem stability, identity reinforcement, and community em-
powerment. In particular, the research elaborates incremental and adaptive circular strat-
egies, showing how the park’s natural capital can act as a catalyst for experimenting with 
place-based circular pathways that generate systemic benefits and mobilize multidimen-
sional resources across ecological, economic, social, and cultural spheres. 

The paper is organized as follows: Section 2 provides an overview of the state of the 
literature on the valorization of forest residual woodchips and a definition of the aim of 
the work. Section 3 describes the methods used, while Section 4 presents the case study. 
The results are discussed in Section 5. Finally, Section 6 presents the conclusions and fu-
ture developments of the research. 

2. Protected Natural Areas and Circular Management of Forest  
Resources in the European and Italian Context 

In most European protected natural areas, biomass is considered a locally available 
and widely accessible resource that can trigger environmental and socio-economic im-
provements such as crop diversification, the restoration and use of otherwise abandoned 
soils, and forest maintenance. In Northern Europe, the recovery of residual waste from 
forest management for energy purposes is an established practice, and throughout Europe 
the number of biogas plants has increased rapidly in recent years (Figure 1a). Currently, 
58% of European plants are connected to the distribution grid [17]. In many cases, even 
large urban centers, or parts of them, are supplied by district heating networks powered 
by biogas produced from woody material or agro-forestry residues originating from ac-
tual “energy forests” [18]. The high concentration of this best practice in Northern Europe 
is also supported by the quantity and quality of forest biomass (the highest biogas yields 
have been recorded for pine needles and branches), which represents an ideal resource 
for bioenergy production. Furthermore, the collection of residual forest biomass is consid-
ered a useful practice for reducing the incidence of devastating summer wildfires [19]. 
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Figure 1. Biogas plants in Europe (source: [20]) (a); infographic diagram for the production system 
of energy from biomass in the Municipality of Mauenheim in Germany (elaborated by E. Nicolini) 
(b). 

Among rural contexts, one of the earliest best practices is represented by Jühnde, a 
small village in Lower Saxony, Germany, known for being the country’s first “bio-energy 
village” [21]. Since 2005, the village has produced nearly all its own energy through a large 
biogas plant fueled by local biomass such as agricultural slurry, energy crops, and wood-
chips. The biogas is converted into electricity and heat through cogeneration, producing 
around 4 million kWh of electricity per year (with approximately 0.5 MW of installed ca-
pacity), which satisfies more than twice the village’s own consumption. This model has 
brought energy autonomy, emission reductions, and economic benefits to the community, 
becoming an international example of local energy transition. 

Another case study in Germany is Mauenheim (Baden-Württemberg), a village of 400 
inhabitants whose entire electricity and heat demand is met in this way. The energy sys-
tem of Mauenheim combines a biogas plant (Figure 1b), which provides the base thermal 
load, with a woodchip boiler supplied by the municipal forest. The system produces heat 
for the local district heating network and, thanks to the synergy between agricultural and 
forestry supply chains, ensures a self-sufficient, circular, and fully local energy model. The 
woodchip boiler operates only during peak demand, while the biogas plant runs contin-
uously. The biomass originates from forest management activities in the Municipality of 
Immendingen, an area with controlled forestry practices bordering protected natural ar-
eas with stricter regulations. Mauenheim is in the Hegau region, a partly protected forest 
landscape that includes areas such as the “Landschaftsschutzgebiet Hegau” [22]. 

Sweden, Finland, and Denmark routinely use bioenergy derived from their forests, 
and this practice is a central component of their energy and climate policies. In recent 
years, the volume of Swedish forests, for example, has doubled thanks to active manage-
ment involving scheduled harvesting, mandatory regeneration, and modern silvicultural 
techniques. Bioenergy is mainly produced from forest management residues: branches, 
treetops, bark, sawmill waste, and wood dust from processing. Today, municipal district 
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heating networks are almost entirely powered by biogas obtained through anaerobic di-
gestion and by biomass-fired boilers [23]. 

In Sweden, numerous small heating plants (<5 MW) supply heat to small areas or to 
just a few buildings in rural contexts [24], particularly since the National Farmers’ Asso-
ciation established a company dedicated to the construction of local heating plants man-
aged by local farmers. One example is the plant in Vingåker, which supplies around one 
hundred homes. This model enables even relatively small communities to become ener-
getically self-sufficient using zero-kilometer resources. Table 1 below presents other Eu-
ropean examples—located in small-scale contexts such as communities or rural villages—
of biogas plants fueled by forest maintenance residues sourced from areas surrounding 
the served users. 

Table 1. Examples of rural communities supplied with energy and heat produced by biogas plants 
fueled by forest maintenance residues. 

Location 
Population and 
Settlement Type Main Characteristics 

Plant 
capacity 
(MW) 

Protected Area 
Yes/No 

Bibliographic 
Reference 

Bad Schaller-
bach—Aus-
tria 

~4545 inh. rural 
community 

Wood-chip biogas; generates 
electricity for 9000 households 
and heat for 2000 households 
per year. 

2 × 0.25 
Yes – hillside forests be-
tween the Inn and 
Hausruck rivers 

[25,26] 
Plant operator: 
https://www.har
gassner.com 

Gütten-
bach—Aus-
tria 

~900 inh. rural 
village 

Biomass heating plant and 12-
km district heating network 
with approx. 240 connected us-
ers. 

~1 

Yes – mixed natural forests 
in southern Burgenland. 
Natura 2000 areas 
(SIC/ZPS) nearby. 

[27] 
Plant operator: 
https://r-aces.eu 

Frastanz—
Austria 

~6375 inh. semi-
rural community 

Biogas from 55% wood chips 
and 45% industrial and sawmill 
by-products from the region. 

1–2 
Yes – managed Alpine for-
ests. Natura 2000 areas 
(SIC/ZPS) nearby. 

[28,29] 
Plant operator: 
https://www.11e
r.at 

Feldheim—
Germany 

~150 inh. small 
peri-urban ham-
let 

Wood-chip biogas + wind 
power (50 turbines) enabling 
full energy autonomy for the 
settlement. 

~1 
No – mixed forests in Bran-
denburg managed under 
German forestry law. 

[30,31] 
Plant operator: 
https://nef-feld-
heim.info 

Jühnde—
Germany 

~970 inh. rural 
village 

Wood-chip biogas + photovol-
taic (20 kWp). The district heat-
ing network extends 6 km and 
supplies 100 buildings. 

0.7–0.8 + 
0.5–0.7 

No – agricultural area with 
managed forests in Lower 
Saxony. 

[32,33] 
Plant operator: 
https://www.iea-
bioenergy.com 

Mauenheim 
– Germany 

~400 inh. rural 
village 

“Low impact” small-scale 
model. Agricultural-chain bio-
gas + wood-chip boiler supply-
ing energy and heat to the entire 
village. 

0.3–0.5 

Yes – landscape-protected 
area and Naturpark; exten-
sive area with traditional 
silviculture. 

[34,35] 
Plant operator: 
https://regenera-
tion.org/nexus/b
iogas 

Unsleben—
Germany 

~919 inh. rural 
village 

Biogas from agricultural resi-
dues and wood chips producing 
enough electricity for approx. 
3000–4000 inhabitants. 

0.5–1 

Yes – nearby nature re-
serve (Trockenhänge bei 
Unsleben) and managed 
woodland areas. 

[36] 
Plant operator: 
https://www.sen
sopower.com 

Estelnic—Ro-
mania 

~1162 inh. rural 
community 

Wood-chip micro-grid. Electric-
ity fed into the grid, sufficient 
for approx. 4500 households. 

0.3–0.5 
Yes – Baraolt Mountains, 
heavily forested. Natura 
2000 (SIC/ZSC). 

[37] 
Plant operator: 
project yet to be 
implemented 
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Monzuno – 
Italy 

~6450 inh. rural 
community 

Wood-chip heating plant and 
district heating network supply-
ing all public buildings of the 
municipality. 

~0.2 
Yes – Monte Sole Historical 
Park (protected area). 
Nearby SIC/ZSC zones. 

[38] 
Plant operator: 
https://www.cit-
tametropoli-
tana.bo.it 

Tomelilla – 
Sweden 

~12,930 inh. ru-
ral community 

Woody biofuel (wood chips, 
pellets, wood-industry residues) 
and district heating serving the 
entire settlement. 

~6 

Yes – Fyledalen protected 
nature reserve; Christine-
hofs Ekopark ecological 
area. 

[39] 
Plant operator: 
https://again-
ity.com 

Aabybro – 
Denmark 

~6800 inh. rural 
community 

Biogas and wood-chip boiler. 
District heating network serving 
2000 households. 

~8.4 

Yes – Lille Vildmose 
Natura 2000 habitat; Lang-
dal Plantager partly pro-
tected areas. 

[14] 
Plant operator: 
https://www.bro
en.com 

The circular park model based on the use of waste biomass derived from forest 
maintenance goes beyond conventional approaches to circular forestry and the bioecon-
omy. Unlike models already established in various parts of Europe—where a dedicated 
forestry industry is primarily oriented toward energy production from biomass—the cir-
cular park proposes a systemic and integrated vision. Forest residues are transformed into 
multiple value streams (energy and environmental services) within a framework that 
combines territorial governance, industrial symbiosis, and decarbonization. One of the 
few European examples attributable to this paradigm is HUB-CEIS in Fundão, a hub that 
enhances forest biomass through circular governance and decarbonization strategies [24]. 
The project uses biomass gasification to produce energy and green hydrogen, contributing 
to global sustainability goals, with an estimated reduction of 120 kt of CO2 per year, the 
creation of around 60 jobs, and an investment of approximately 60 million EUR. Embed-
ded in a rural context of about 9000 inhabitants, the model shows how peripheral areas 
can become drivers of the energy transition and economic revitalization, turning waste 
into resources. 

The Italian system of protected areas is among the most extensive and complex in 
Europe, encompassing over three million hectares of natural green spaces. The purpose 
of protected areas is the safeguarding of biodiversity, as well as the enhancement of local 
traditions and the adoption of sustainable economic practices. Territories with high natu-
ral value represent crucial contexts for addressing the climate challenge: they are fragile 
areas yet extremely rich in biodiversity, whose loss is closely connected to the effects of 
climate change. Protected areas function as genuine banks of ecosystem services that gen-
erate and regenerate essential life-supporting goods—traditionally considered inexhaust-
ible and freely available but now recognized as strategic resources for local development: 
renewable yet nonetheless limited. 

The application of circular economy principles to natural parks allows for overcom-
ing the traditional dichotomy between conservation and development, transforming the 
territory into a laboratory of innovation where natural resources can be regenerated and 
valorized. Although the use of forest products and by-products for energy production is 
a viable and regulated practice under Ministerial Decree 13 October 2016, no. 264 [40], 
several attempts to apply this model exist in Italy, although most are still at an early stage, 
with few consolidated results. 

The Green Community of the Sirente–Velino Park in Abruzzo is among the first 
emerging examples. The management plan aims to improve the use of the park’s natural 
resources through shared actions involving the twenty-three municipalities concerned. 
Among the planned actions is the possibility of producing renewable energy from bio-
mass derived from forest residues, pruning, branches, agricultural by-products, and wood 
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biomasses [41]. A similar action is envisaged in the Gargano National Park in Apulia, 
where a forest-wood supply chain is being developed, based on active forest management, 
the valorization of local biomasses, and phytosanitary monitoring, to integrate environ-
mental conservation, renewable energies, and local economic development. 

From this perspective, seven municipalities in Val di Fassa (Trentino–Alto Adige) are 
also working together to build a centralized plant that uses waste biomass from forest 
operations to fuel a cogeneration system producing both electricity and heat for the inter-
connected municipalities. The only active case in Italy—which has already been fully op-
erational for several decades—is located in Val di Fiemme, in Cavalese (Trentino–Alto 
Adige), where 90% of the settlement is heated with wood-processing residues through 
biomass cogeneration. The Cavalese plant generates electricity and heat; through an un-
derground district heating network, they reach public and private buildings, serving 
around 4500 residents and rising to as many as 25,000 during the tourist season [42]. The 
forest-based energy of this circular economy laboratory is produced using virgin wood-
chips sourced from the forests of the Fiemme Community: a historic green lung containing 
a heritage of 60 million trees. Also, in Trentino–Alto Adige, the Dobbiaco–San Candido 
biomass district heating plant is among the first small-scale systems to produce both heat 
and electricity in cogeneration, fed into the national electricity grid. 

Despite the growing attention toward circular models applied to territorial systems, 
the literature on circular parks remains embryonic and lacks a shared theoretical defini-
tion. Existing studies focus predominantly on sectoral practices—from adaptive conser-
vation to the sustainable management of individual resources—without proposing sys-
temic frameworks capable of integrating material cycles, multi-level governance, and eco-
logical resilience strategies [43,44]. This gap is particularly relevant in Europe’s inner areas, 
where parks represent crucial socio-ecological infrastructures for counteracting marginal-
ization, abandonment, and climate vulnerability [45,46]. 

In response to these shortcomings, the research aims to improve conceptual and op-
erational understanding of circular strategies for protected areas, exploring how natural 
resource management, particularly forest maintenance, can become a driver of regenera-
tive territorial development. The main objective is to reposition parks as systems capable 
of generating shared value, moving beyond the traditional conservation paradigm and 
integrating the principles of circular economy and regenerative design [13,47,48]. In this 
perspective, the valorization of residual forest biomass acquires strategic importance: not 
as a waste material destined primarily for energy recovery—a practice still dominant in 
European models [49]—but as a high-potential resource capable of activating new ecolog-
ical, productive, and cultural functions. 

This research—whose first results are presented here—aims to formulate an opera-
tional and transferable methodology to support park authorities and local administrations 
in defining alternative circular strategies for protected areas. The ambition is to contribute 
to the debate on the ecological transition of fragile territories, demonstrating how the cir-
cular reconfiguration of natural resource flows can act as a catalyst for sustainable, place-
based regeneration, paving the way for an evolution of parks into resilient, polycentric, 
and productive territorial systems. 

3. Methods 
From a methodological standpoint, and in line with the objectives outlined above, 

this study adopts a systemic and multidisciplinary investigative perspective. This ap-
proach moves beyond a static reading of the territorial ecosystem of protected areas, al-
lowing the dynamic nature of both active and latent processes to emerge from the “intra-
action” [50] between humans and nature. 
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Starting from the hypothesis that natural parks are territorial systems traversed by 
flows of matter, energy, and knowledge, the work develops a methodological proposal 
useful for activating anti-entropic strategies and mechanisms of regeneration and, conse-
quently, reconstructing cycles of value [51,52]. From this perspective, the circular park 
model is articulated as a self-organized system in which waste and residues—whether 
given in nature or derived from anthropic actions—do not represent a loss but rather a 
generative and regenerative resource. 

To enhance transparency and reproducibility, the methodological framework is ar-
ticulated as a sequential and traceable research process, in which analytical steps, data 
sources, and expected outputs are explicitly connected. 

In epistemological terms, the methodology proposed here is grounded in a design-
oriented research framework aimed at transformation (Research by Design), where em-
pirical analysis is closely interlinked with experimentation [53,54]. 

Design experimentation is operationalized through the construction and simulation 
of alternative circular scenarios, which function as analytical devices to test the capacity 
of residual forest resources to generate territorial value. 

The empirical investigation has therefore focused on the use of wood residues, which 
assume a demonstrative function within the research. The proposed hypothesis, applied 
to the territory of Madonie Park, represents an operational prototype to assess the capacity 
of the circular paradigm to generate territorial added value starting from residual materi-
als. The simulation of alternative reuse scenarios of wood residues—centered on energy 
production, handicraft, and infrastructure construction—thus constitutes a proof of con-
cept of the validity of the circular park model, proposing an operational, replicable frame-
work capable of activating integrated and anti-entropic supply chains that combine envi-
ronmental protection, local development, and social responsibility. 

Specifically, the investigative work was structured into five phases, each correspond-
ing to a distinct analytical task and producing intermediate outputs that inform subse-
quent steps, thereby ensuring methodological traceability and replicability in comparable 
territorial contexts. 

(1) Systemic reading of the territory of the park and the municipalities within the park. 
This reading is articulated into three main resource systems, natural heritage, built her-
itage, and productive heritage, which are connected with the social system formed by 
local communities. This articulation enables the analysis of relationships among terri-
torial resources, anthropic practices, and economic processes, interpreting the park as 
a metabolic organism endowed with inputs, transformations, and outputs [55]. 

(2) Mapping of the forest resource and assessment of retrievable residual biomass flows. 
This procedure is based on the processing of territorial data from national and re-
gional institutional databases (Park Authority, Sicilian Region, Istat, ISPRA) and—
specifically for this study—from the European ForBioEnergy project (2016–2019), 
which constitutes the main technical reference for defining residual forest biomass 
flows. This mapping made it possible to identify the forest areas that generate the 
highest production of wood residues derived from forest management and mainte-
nance operations, and to estimate their quantities through a comparative analysis of 
forest cover data and retrievable biomass estimates. 

(3) Classification of wood residues. The residual materials obtained from forest mainte-
nance activities are classified according to their size and potential reuses, distinguish-
ing between assortments suitable for productive uses and smaller fractions primarily 
oriented towards energy or soil-regeneration processes. Several indicators repre-
sentative of the implications of the potential uses of wood residues are selected and 
quantified. These indicators support the evaluation of environmental, energetic, and 
socio-economic impacts associated with different circular options. 
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(4) Definition of circularity strategies. These strategies are activable thanks to the recy-
cling of the quantity and quality of retrievable biomass and articulated according to 
different combinations of mono-output or multi-output approaches with energy-cen-
tered or community-centered approaches. The resulting strategies may be calibrated 
and compared on the basis of a set of indicators, with the aim of transforming forest 
management into a circular-regeneration platform capable of activating new ecolog-
ical, productive, and cultural functions and of creating local micro-supply chains. 

The entire methodological process was supported by the adoption of the convergent 
parallel mixed-methods model [56], in which quantitative data (spatial and territorial data, 
socio-economic data, and GIS analyses) and qualitative data (observations, policy analysis, 
and document analysis) were collected and interpreted jointly, enabling triangulation 
among ecological, socio-economic, and design dimensions. 

Overall, the proposed methodology constitutes an operational and transferable 
framework, explicitly designed to support replication in other protected areas aiming to 
implement circular and regenerative strategies. 

4. The Case Study: The Madonie Park in Sicily (Italy) 
Southern Europe, overlooking the Mediterranean, constitutes one of the most heter-

ogeneous environmental contexts on the continent, characterized by a variety of ecosys-
tems, geomorphological structures, and cultural landscapes that have shaped, over time, 
articulated forms of protection and management of natural resources (Figure 2). Within 
this geographical framework, Italy occupies a central position thanks to its extraordinary 
biological, geological, and landscape richness, which finds one of its most complex ex-
pressions in the insular dimension of Sicily. Sicily, the largest island in the Mediterranean 
and the most extensive region in Italy, lies in a quasi-barycentric position within the basin, 
a condition that has favored over the centuries the encounter of cultures, productive sys-
tems, and ecological arrangements, giving rise to a mosaic of landscapes that reflects a 
long history of interactions between the environment and human activities. 
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Figure 2. Parks, nature reserves, and protected areas in Sicily (Italy) (source: authors’ elaboration on 
Legambiente data [57]). 

Today, the Sicily region represents one of the most extensive and articulated systems 
of protected areas at the national scale: over 20% of its territory falls under protection re-
gimes, comprising four regional natural parks, seventy-five nature reserves, a particularly 
dense network of 245 Natura 2000 sites, seven marine protected areas, and, since 2016, also 
the National Park of the Island of Pantelleria, the island’s first and only national park (Figure 
2). This polycentric structure reflects not only the ecological complexity of the region but 
also the challenges associated with managing natural heritage embedded within territorial 
contexts often marked by socio-economic fragilities, persistent forms of marginality, and a 
relationship between resources and local communities that demands governance models 
capable of integrating conservation, development, and resilience. 

Established in 1989, the Madonie Park covers approximately 40,000 hectares and its 
perimeter includes the territories of fifteen municipalities within the Metropolitan City of 
Palermo: Cefalù, Castelbuono, Gratteri, Collesano, Isnello, Pollina, San Mauro 
Castelverde, Scillato, Sclafani Bagni, Caltavuturo, Polizzi Generosa, Castellana Sicula, 
Petralia Sottana, Petralia Soprana, and Geraci Siculo (Figure 3). The territory of all these 
municipalities extends for 1309 square kilometers, in which 48,453 inhabitants live. 

The geological formations of the area span more than 200 million years, and the Ma-
donie massif, with peaks reaching 1979 meters above sea level, such as Pizzo Carbonara, 
exhibits extraordinary geomorphological and bioclimatic heterogeneity, generating a rich 
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combination of habitats and ecological conditions and hosting over half of Sicily’s plant 
species as well as numerous endemisms, including Abies nebrodensis, a biogeographical 
relict of international relevance. 

 

Figure 3. The Madonie Regional Park (Italy) (source: authors’ elaboration on Madonie Park Author-
ity [58]). 

In the Madonie Park a graded zoning system balances conservation, scientific re-
search, public use, and local development, Zone A, strict nature reserve; Zone B, general 
reserve; Zone C, protection zone; and Zone D, controlled-use zone, forming an articulated 
system of integrated management (Figure 3). This configuration makes the Madonie area 
a privileged setting for observing interactions among environmental conservation, sus-
tainable resource management, and the socio-economic dynamics of local communities. 

4.1. A Natural Park Facing Territorial Fragility 

The choice of Madonie Park as a case study stems from the purpose to analyze a 
territory that falls entirely within the so-called “Inner Areas” identified by the National 
Strategy for Inner Areas (SNAI) [9], an Italian territorial policy referring to municipalities 
distant from essential service hubs—healthcare, education, and mobility—and therefore 
more exposed to structural phenomena of depopulation, demographic ageing, economic 
fragility, and infrastructural decline. In the European debate, such areas correspond to the 
so-called “territorial fragilities”, spaces characterized by a progressive weakening of their 
attractiveness and increasing vulnerability to climate change, the crisis of public services, 
and processes of socio-territorial marginalization. 

The “Composite Index of Municipal Fragility”, developed by ISTAT in 2021 [59], 
measures the overall fragility of a municipality, summarizing 12 indicators, according to a 
decile scale, where 1 indicates the lowest level and 10 the highest level of fragility (Figure 
4). As shown also in Figure 5, the fragility area is very large, and furthermore, this index 
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reaches the higher values, from 8 to 10, for 8 out of 15 municipalities (53%). Among the 
various indicators, the “Population Growth Rate in 2021–2011” per 1000 inhabitants and the 
“Population (aged 25–64) with low educational attainment” rate show that a particularly 
serious situation exists in these areas. In fact, the first indicator is negative in almost all cases, 
recording a common trend towards depopulation (Figure 6a). The other indicator very often 
exceeds 40%, and in five municipalities even 50%, highlighting that high percentages of the 
working age population have at most only a lower secondary school diploma (Figure 6b). 

 

Figure 4. Municipalities within the Madonie Park: “Composite index of municipal fragility” and 
other related indicators (source: authors’ elaboration on ISTAT 2021 data). 

 

Figure 5. Municipalities within the Madonie Park: “Composite index of municipal fragility” (au-
thors’ elaboration on ISTAT data, 2021). 
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Figure 6. Municipalities within the Madonie Park: indicator of “Population growth rate in 2021–
2011” (a); indicator of “Population (aged 25–64) with low educational attainment” (b) (authors’ elab-
oration on ISTAT data, 2021). 

The Madonie thus emerge as a paradigmatic context for observing how an inner area 
can respond in the long term to such pressures, transforming the presence of a protected 
area into an opportunity for social and economic revitalization rather than an additional 
constraint, by adopting the circular parks approach. 

4.2. Territorial Assets and Heritage: A Systemic Reading 

According to the first phase of the methodology presented in Section 3, the data re-
lating to the natural, built, and productive heritage of the Madonie Park were collected, 
classified, and georeferenced. In this study, the natural heritage refers exclusively to the 
forest heritage within the boundaries of the Park Authority, covering a total area of 27,227 
hectares which reaches 36,612 hectares if the wooded areas within the municipalities of 
the park are also included. The forest heritage is characterized by an extraordinary variety 
of broadleaf, conifer, and mixed forests, which constitute one of the most emblematic and 
strategic elements for local biodiversity (Table 2). 

Table 2. Forested and productive areas in the Madonie Park and municipalities within the park 
(source: GIS by A. Giampino). 

Forested and 
Productive 

Areas 

Areas of 
Municipalities 

Within the Park 
(ha) 

Area Under 
Park Authority 

(ha) 

Park Area/ 
Municipalities 

Area (%) 

Broadleaf forests 18,294 13,501 73.8 
Conifer forests 912 715 78.4 
Mixed forests 2593 902 34.8 

Orchards 1771 131 7.4 
Olive groves 13,041 11,978 91.9 

Total 36,612 27,227 74.4 

https://doi.org/10.3390/su18031552


Sustainability 2026, 18, 1552 14 of 28 
 

https://doi.org/10.3390/su18031552 

The built heritage in the Madonie Park, strictly complementary to natural systems, 
comprises an articulated set of infrastructures and artefacts that testify to the historical co-
evolution between local communities and the mountain landscape. Within the park area lie 
numerous buildings of high architectural value, 29 assets in total, well integrated into the 
natural environment, which pass on a long construction and cultural tradition, typical of the 
Madonie identity (Table 3). In addition, the park preserves a widespread network of rural 
and forestry infrastructures, including shelters, paths, forestry houses, and minor construc-
tions. These constitute an essential territorial framework for management activities and con-
trolled enjoyment of the mountain environment. The trail network consists of 30 routes, with 
lengths ranging from 3.4 km to 50.9 km and totaling 449.5 km, and four equipped areas—
Portella Ferrone, Serra Daino, San Focà, and Piano Zucchi—which serve recreational and 
logistical functions, while forestry houses play a strategic role as operational depots and 
logistical nodes for forest maintenance and wildfire-prevention interventions. 

Table 3. High architectural assets, trail network, agricultural and timber arboriculture enterprises, 
and manufacturing activities in each municipality within the park (data source: Antista 2011 [60]; 
ISTAT 2020, 2023). 

Municipalities 
Within 

the Park 

High 
Architectural 

Assets 
(No.) 

Trail 
Network 

(30 Routes) 
(km) 

Agricultural 
Enterprises 

(No.) 

Timber 
Arboriculture 

Enterprises 
(No.) 

Manufacturing  
Activities Linked 

to Wood  
Processing 

(No.) 
Cefalù 5 - 286 2 4 

Castelbuono 5 - 432 6 13 
Gratteri 1 - 108 0 0 

Collesano 2 - 451 5 1 
Isnello 0 - 104 1 1 
Pollina 0 - 189 6 0 

San Mauro Castelverde 0 - 283 1 0 
Scillato 0 - 64 2 0 

Sclafani Bagni 0 - 238 2 0 
Caltavuturo 3 - 367 2 0 

Polizzi Generosa 5 - 256 4 1 
Castellana Sicula 1 - 274 3 1 
Petralia Sottana 2 - 372 1 0 
Petralia Soprana 2 - 390 2 1 

Geraci Siculo 3 - 223 4 4 
Total 29 449.5 4037 41 26 

The analysis of the productive heritage in the 15 municipalities within the park was 
limited to certain categories of economic activities, namely, “Agricultural companies” and 
“Wood processing manufacturing companies”. There are 4037 agricultural companies and 
41 enterprises specializing in timber arboriculture (Table 3), with cultivation practices 
aimed at producing high-quality wood intended for structural, artisanal, or industrial 
uses. This system contributes to maintaining an active socio-economic fabric, strengthen-
ing community resilience and enabling the integration of agro-sylvo-pastoral supply 
chains with activities aimed at valorizing forest resources. Within the park’s municipali-
ties, 26 manufacturing enterprises, specializing in the production of wood, cork, straw, 
and woven-material products, are active. These data are particularly relevant for the re-
search purposes, as the presence of such manufacturing activities, dedicated to wood-
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based materials, could enable the development of a local micro-supply chain for the val-
orization of forest heritage and its integration into local production processes. 

4.3. Territorial Biomass and Circular Metrics 

The second phase of the study assumes that active forest management aims not only 
to ensure the persistence of forest cover but also to systemically implement “territorial 
care”. Each maintenance action contributes to building a dynamic balance among envi-
ronmental conservation, natural resource valorization, and sustainable innovation. A 
mapping of the wooded areas in the Madonie Park and in the municipalities of the park 
was then carried out, differentiated by tree species (Figure 7). Forest heritage maintenance 
and production of residual biomass became a cornerstone the park’s transition toward a 
fully circular model. 

 

Figure 7. Forested areas within municipalities of the Madonie Park (source: authors’ elaboration on 
Madonie Park Authority). 

To acquire the availability and characteristics of woody biomass, the data and docu-
ments were analyzed from the European ForBioEnergy project (2016–2019) [61], devel-
oped within the Interreg MED Programme as an evolution of the previous Proforbiomed 
programme. The project identified the area of Madonie Park as the Italian pilot district for 
the experimentation of an integrated model for managing residual forest biomass, with 
the primary objective of analyzing the availability of forest and agricultural woody re-
sources and assessing the sustainability of short forest–wood–energy supply chains. The 
available data refers to the wooded areas owned by the Municipality of Petralia Sottana 
and the Regional Department for Rural and Territorial Development of the Sicilian Region, 
located within Madonie Regional Park, estimating both the volume per hectare and the 
total above-ground biomass. The above-ground biomass, corresponding to the dry woody 
mass present in forest stands at the time of measurement, depends on forest fertility and 
ecological characteristics, and was estimated at 308,054 tons. To define the retrievable bi-
omass, i.e., the amount that can be harvested during the 10-year Forest Management Plan, 
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an extraction rate compatible with forest regeneration was applied according to silvicul-
tural and ecological-sustainability criteria. 

In the following phase, the retrievable biomass, equal to 87,880 tons over a ten-year 
management period, was then classified into two main categories: assortment biomass, 
equal to 58,215 tons, including valuable trunks and fractions suitable for productive ac-
tivities, e.g., crafts and construction, and small-size timber, equal to 29,665 tons, consisting 
of smaller trunks, branches, and low-value species, which is usually used in energy pro-
duction (Table 4). 

Table 4. Retrievable biomass in 10 years in the wooded areas of Petralia Sottana (source: Forest 
Management Plan—ForBioEnergy Project). 

Forested and Productive 
Areas 

Retrievable Biomass 
(in 10 Years) 

(Tons) 

Retrievable Biomass 
(in 10 Years) 

(%) 
Assortment Biomass 58,215 66.3 
Small-sized Biomass 29,665 33.7 

Total 87,880 100 

These data form the starting point for developing a preliminary study aimed at ana-
lyzing the effects of circular park strategies and defining the corresponding quantitative 
and qualitative indicators. The main effects considered concern the capacity of the resid-
ual biomass to contribute to (i) the coverage of a share of local energy demand, (ii) the 
reduction in climate-altering emissions, and (iii) the production of digestate. 

It is important to emphasize that the quantity of residual biomass considered derives 
exclusively from routine forest management and maintenance activities since no further 
biomass extraction from forest resources is planned. This aspect clearly distinguishes the 
present approach from others commonly adopted at the European level. Moreover, under 
Italian legislation (Legislative Decree No. 116/2020), woody residues from forest mainte-
nance activities are classified as municipal waste, and therefore, in the absence of local 
recovery supply chains, they must be transported to facilities located outside the park, 
resulting in additional disposal costs. 

Demographic and socio-economic data were collected by considering the municipal-
ity of Petralia Sottana as a pilot case study. In 2025, the resident population amounted to 
2381 inhabitants [62]. To extend the analysis to the urban dimension of territorial metab-
olism, data on organic municipal waste were also collected. In 2023, the quantity of or-
ganic waste was 242.2 tons/year, corresponding to 101 kg per capita per year and to 3.7% 
of the total organic waste (Table 5). These data are particularly relevant for exploring the 
possibility of an integrated valorization of forest residues and urban organic waste. Resi-
dential energy consumption in the municipality of Petralia Sottana in 2023 was 3,790,380 
kWh of electricity and 1,182,015 kWh for space heating [63]. 

Table 5. Waste collection by each municipality within the Madonie Park (data source: [63]). 

Municipalities 
Within the Madonie 

Park 

Total 
Waste 

(Tons/Year) 

Organic 
Waste 

(Tons/Year) 

Wood 
Waste 

(Tons/Year) 
Cefalù 6620.3 2466.2 289.3 

Castelbuono 2053.5 841.7 84.9 
Gratteri 173.0 84.3 0 

Collesano 749.7 455.0 0 
Isnello 274.4 142.6 0 
Pollina 931.4 424.9 35.3 
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San Mauro Castelverde 242.2 161.3 0 
Scillato 172.3 101.9 0 

Sclafani Bagni 105.0 46.7 0 
Caltavuturo 685.1 398.4 0 

Polizzi Generosa 590.9 293.2 0 
Castellana Sicula 753.0 389.3 0 
Petralia Sottana 602.7 242.2 18.0 
Petralia Soprana 604.8 302.4 0 

Geraci Siculo 348.1 204.2 0 
Total 14,906.4 6554.3 427.5 

To quantify the magnitude of energy outputs obtainable from residual biomass, the 
performance of a small-scale containerized anaerobic digestion plant with combined heat 
and power (CHP) was assessed. The plant has a treatment capacity of 4000 t/year and is 
intended to be located near the boundaries of the park and the urban area. Since, at this 
stage of the study, no project for a power plant is under development, according to some 
technical parameters [64,65], the estimated annual energy production is approximately 
800,000 kWh of electricity and 720,000 kWh of usable thermal energy, resulting in a total 
energy output of 1,520,000 kWh/year. The average energy yield is approximately 370–380 
kWh per tons of organic waste (additional details are provided in Figure 8). 

 

Figure 8. Retrievable biomass in 10 years in the wooded areas of Petralia Sottana and other technical 
parameters (authors’ elaboration on various sources [61–63,66]). 

In 2023, the climate-altering emissions in the municipality of Petralia Sottana, ex-
pressed in CO2 equivalent (CO2e), were almost equal to 896 t CO2e/year and 279 t 
CO2e/year, respectively, for residential electricity and heating consumption. Total 
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residential emissions therefore amounted to 1175 t CO2e/year [66]. The reduction in cli-
mate-altering emissions achieved thanks to the valorization of residual biomass depends 
on two main factors. The first factor is the substitution of fossil-based energy sources with 
renewable energy produced from biogas. According to conversion factors reported in the 
literature, the emission savings associated with energy production from biogas are ap-
proximately 0.58 kg CO2e per kWh of energy produced [64]. For the plant considered, this 
value was conservatively estimated at approximately 460 t CO2e/year. The second factor 
relates to the production and use of digestate. From a mass balance perspective, the an-
aerobic digestion process converts approximately 12% of the input material into biogas 
and approximately 81% into stabilized digestate. The use of digestate in agriculture and 
green area management produces climate benefits attributable to three main effects: (i) an 
increase in soil carbon sequestration, (ii) a reduction in the use of synthetic fertilizers, and 
(iii) the substitution of fossil-based substrates, such as peat. According to the literature, 
these benefits correspond to emissions reduction of approximately 65.3 kg CO2e per tons 
of waste sent to composting. 

Keeping the type of plant and the other technical parameters constant (seeFigure 8), 
three different hypotheses were formulated regarding the quantity and type of recovera-
ble biomass that is introduced into the anaerobic digestion plant circuit (Table 6). 

Table 6. Potential production of energy and digestate and environmental benefit of reuse of the 
residual biomass and organic waste in the Municipality of Petralia Sottana (source: authors’ elabo-
ration). 

Indicators  Unit of Meas-
urement Case a Case b Case c 

Indicator B_W—Biomass and 
Organic waste 

Assortiment Biomass t/year 5821 5821  

 Small-sized Biomass t/year 2966 2966 2966 
 Organic waste * t/year  544.6 544.6 
 Total of biomass and or-

ganic waste 
t/year 8787 9332 3511 

Indicator P_E—Production of 
Energy 

total Energy min MWh/year 3250 3445 1300 

 total Energy max MWh/year 3340 3550 1350 
Indicator C_E—Coverage of 
residential electricity demand 

Covered energy demand 
min 

% 65 69 26 

 Covered energy demand 
max 

% 67 71 27 

Indicator R_E—Reduction of 
climate-alterating emissions 

Reduction of CO₂e from 
produced energy (cau-
tious assessment) 

t CO₂e/year 980 1040 390 

 Reduction of CO₂e from 
compost 

t CO₂e/year 465 494 186 
 Total reduction of CO₂e t CO₂e/year 1445 1534 576 
Indicator P_D—Production of 
Digestate 

Digestate min t/year 7100 7500 2800 

 Digestate max t/year 7200 7600 2900 
* Organic waste from the municipalities of Petralia Sottana and Petralia Soprana. 

In Case a, the entire quantity of retrievable biomass is equal to 8787 t/year and the total 
energy obtained varies between 3250 and 3340 MWh/year. In Case b, the organic waste frac-
tion from the municipality of Petralia Sottana and Petralia Soprana was added to the total 
biomass to obtain a minimum of 3445 of MWh/year of energy. Case c, however, selects only 
the small-sized biomass fraction, equal to 2966 t/year, to which the organic waste fraction 
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was added, producing approximately 1300 MWh/year. As a result, the minimum percent-
age of residential energy consumption met can therefore vary from 26 to 69%. 

These percentages correspond to significant reductions in climate-altering emissions, 
ranging between 390 and 1040 tCO2e/year. Furthermore, the anaerobic digestion plant 
produces a minimum quantity of digestate, equal to 2800 t/year in Case c or to 7500 t/year 
in Case b, for agricultural use or for the maintenance of forests or public green spaces. 

The use of digestate also contributes to reducing CO2e emissions by between 186 and 
494 t CO2e/year. 

This preliminary, although approximate, quantification of the indicators is functional 
to the definition of a range of possible strategies for the circular transformation processes 
of wood waste. 

5. Discussion 
The study on the activation of circular processes in Madonie Park focused on the 

potential transformation of wood residues, obtained from forest maintenance activities, 
into a renewable and sustainable resource capable of activating local micro-supply chains 
and promoting local innovation and community resilience. 

Although data on retractable biomass only refer to the forested area of the munici-
pality of Petralia Sottana falling within the park, they still demonstrate that forest mainte-
nance activities adopting sustainable extraction rates of forest biomass generate, as output, 
a significant amount of wood residues—amounting to 87,880 tons over a decade—which 
can be converted into input for other local activities. The knowledge of the actual quantity 
and quality of this retrievable resource across the entire forested surface depends on the 
preparation of analogous studies in the other municipalities belonging to Madonie Park. 

Based on the data currently available, several potential circularity strategies and 
mechanisms for activating local economies can be outlined. 

Strategy a. Circular energy-centered and mono-output strategy. This strategy is based on 
circularity activated through forest maintenance operations that provide a continuous 
flow of retrievable forest biomass amounting to 87,870 tons per decade (single output), 
which is entirely converted into input for powering small anaerobic digestion plants (Fig-
ure 9a). The sizing, number, and location of these plants will be defined on the basis of 
further technical, financial, economic, and environmental factors. Therefore, according to 
the calculations and indicators developed in Figure 8 and Table 6 (see Case a), this strategy 
would allow for producing energy to meet at least 65% of the population’s demand and 
7100 t/year of digestate to support maintenance and management activities within the 
park area and to contribute to the fertilizer needs of agricultural activities, thereby closing 
the circularity loop while respecting sustainability criteria. There are other environmental 
benefits in terms of reducing greenhouse gas emissions by approximately 1450 tons of 
CO2e/year. The Park Authority should be the main promoter in collaboration with the 
Municipality di Petralia Sottana for identifying the area in which to locate the biogas plant 
and for the distribution of energy and digestate. 
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Figure 9. Strategy a—circular energy-centered and mono-output strategy (a); strategy b—expanded 
circular energy-centered and mono-output strategy (b). 

Strategy b. Expanded circular energy-centered and mono-output strategy. Strategy b is close 
to Strategy a but differs because it proposes a broad circularity, promoted by the Park Au-
thority together with the Municipality of Petralia Sottana and potentially capable of in-
volving all the Municipalities in the park. (Figure 9b). The total flow of forest biomass 
(mono-output) can be supplemented by the organic fraction of waste from agricultural 
enterprises and municipal collection feeding the biogas plants and producing energy cor-
responding to 69% of the population’s demand of energy (see Case b in Table 6). Despite 
the addition of the current fraction of organic municipal waste in Petralia Sottana and 
Petralia Soprana, this fraction has a low value, equal to only 544.6 t/year, but could be 
incremented through targeted awareness campaigns and above all by trying to channel 
organic and woody waste from other municipalities—potentially around 7000 t/year—
into a network of small anaerobic digestion plants (Table 5). The involvement of even just 
a fraction of the 4037 agricultural enterprises operating in the municipalities within the 
Madonie Park could generate a further increase in both energy and fertilizer production 
(Table 3). The production of digestate is equal to 7500 t/year. This strategy also contributes 
to reducing greenhouse gas emissions by approximately 15,340 tons of CO2e/year. 

The expansion of circularity from the park to local communities generates another 
co-benefit of social relevance to citizens who can actively participate as prosumers to a 
sustainable process of transforming waste materials into an endogenous resource. 

Strategy c. Circular community-centered and multi-output strategy. Strategy c is multi-
output, as it divides the retrievable forest biomass into two categories: assortment-grade 
biomass, consisting of valuable trunks and medium-to-large wood fractions, amounting 
to 58,215 tons per decade, and biomass consisting of small trunks, branches, and low-
quality species, amounting to 29,665 tons per decade (Figure 10). The latter initiates a cir-
cular process identical to Strategy b (except for the quantity) allocating the small-size bio-
mass quota to fuel small anaerobic digestion plants to which local communities and agri-
cultural enterprises contribute with additional organic waste, benefiting from the energy 
and digestate produced. Energy production is a lower percentage than in Strategy b, just 
26% of the population’s demand; the digestate quantity is equal to 2800 t/year and the 
reduction in emissions is almost 580 t CO2e/year (see Case c in Table 6). The quota of 
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assortment-grade biomass, on the other hand, can activate a new and wide cycle of value 
extended to all municipalities within the park. The quality and size make this biomass a 
valuable resource for various activities such as maintenance of buildings, infrastructures, 
and other forest works within the park; maintenance of architecturally valuable buildings 
in the park municipalities; and local craftsmanship, especially if enhanced by eco-design. 

 

Figure 10. Strategy c—circular community-centered and multi-output strategy. 

The enjoyment of the Madonie Park, its shelters, and forestry houses requires con-
stant maintenance, repair, and replacement of numerous wooden elements—such as 
fences, edging, signage, raised walkways, retaining palisades, tables, and benches—lo-
cated in the four equipped recreational areas and along the 450 km trail network. The 
maintenance of forestry buildings also requires wood for the repair or replacement of floor 
and roof components, fencing, and interior fittings. Architecturally valuable buildings are 
subject to rules and constraints, particularly regarding the types of materials permitted 
for maintenance. Medium- and large-sized wood residues can be effectively employed, 
for example, in the replacement or repair of existing windows and door frames. Across 
the park’s municipalities, 26 enterprises are active in the manufacture of wood, cork, 
straw, and woven-material products (Table 3). They are mainly concentrated in Castel-
buono (13), Cefalù (4), and Geraci Siculo (4). In five other municipalities, only one craft 
enterprise is present; in the remaining seven municipalities, no such activities exist. The 
availability of a local resource can benefit existing enterprises and encourage the emer-
gence of innovative eco-design activities. 

Wood residues, even small-sized ones, can be also transformed through eco-design 
into modular indoor or outdoor furnishings (benches, shelving, movable displays, etc.); 
new visual-communication elements such as totems, information boards, and trail sign-
age for the park; or gadgets and souvenirs for visitors. Eco-design can also be directed 
toward the valorization of local agricultural, agri-food, and craft products by designing 
sustainable packaging for direct sales and small exhibition stands and supports for pre-
senting products at fairs and markets. These activities, if promoted and supported by ap-
propriate public policies, may contribute to reducing the vulnerability of the municipali-
ties within the park, which is very high due to progressive depopulation and a high ratio 
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of population with low educational attainment (Figure 6). Since Strategy c is focused on 
proposing multiple uses of recoverable forest biomass and on extending the circularity 
model beyond the park, its success depends largely on the activation of participatory de-
cision-making and management processes between public institutions, the Park Authority 
and municipal administrations, and local social communities, such as cultural associa-
tions, cooperatives, and third-sector associations. 

For each of the three strategies, there are several aspects, both positive and negative, 
that must be considered. From an environmental perspective, based on the indicators calcu-
lated previously, such as the share of energy covered in Table 6, Strategy b seems to be the 
best one. This result is a direct consequence of an energy-centered approach, which uses 
only quantitative data relating to energy and compost flows produced and emissions 
avoided. 

The complexity of the circular park issue, however, requires a multicriteria analysis 
—Multicriteria Decision Analysis (MCDA) [67]—to compare alternative strategies accord-
ing to multiple, even conflicting, criteria. When MCDA is applied to projects and plans 
for the transformation of territorial or environmental resources, the criteria commonly 
used are environmental, economic, social, and political-administrative sustainability 
[68,69]. Each general criterion is specified by subcriteria selected to describe the specific 
characteristics of the alternatives. Table 7 shows an example of criteria and subcriteria that 
can be used in our case study. 

Table 7. A sample of criteria and subcriteria to evaluate the strategies. 

Criteria Environmental 
Sustainability 

Economic Feasibility Social Sustainability Political Sustainability 

Subcriteria 
Coverage of energy 
demand 

Plant construction costs Awareness of environ-
mental issues 

Simplified procedures 

 
Reduction in CO2e 
emissions Plant operative costs Social cohesion 

Public administrations 
involved 

 Production of digestate Increase in employment 
Strengthening identity 
values 

 Park fruition Interdependence between 
economic sectors 

Cultural and educational 
activities 

  New economic activities  

Strategy c, therefore, is only apparently weak, since it gives up a large amount of en-
ergy and digestate to allocate a considerable part of the biomass to various activities in 
and around the Madonie Park, as previously described. Indeed, despite the low percent-
age of energy demand coverage, Strategy c presents a high level of interdependence with 
many economic sectors, enabling the activation of local micro-supply chains and promot-
ing local awareness of environmental issues. This variety of biomass uses—multi-out-
put—corresponds, however, to greater complexity in biomass utilization procedures com-
pared to a mono-output approach (Figure 11). 

 

Figure 11. A sample of subcriteria to evaluate the performances of the strategies. 
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Through the simulation of scenarios for the reuse and reconfiguration of material 
flows, the study allowed for exploring the transformative potential of circularity not only 
in terms of resource recovery and life-cycle extension—which reduces the entropic loss 
associated with waste—but also as a tool for ecological, productive, and social regenera-
tion. 

From this perspective, the park becomes a territorial laboratory of circular metabo-
lism, capable of triggering “anti-entropic” processes of systemic renewal within an area 
that is fragile in multiple respects. 

6. Conclusions 
The analysis conducted on the Madonie Regional Park (Sicily, Italy), framed within 

the still largely unexplored and rarely implemented paradigm of the circular park, sug-
gests the opportunity to rethink the traditionally conservation-oriented approach to the 
management of protected areas (PAs). The preliminary results of the study indicate that 
parks—especially those situated in peripheral European rural areas characterized by de-
mographic and socio-economic fragility—can be interpreted as active and potentially re-
generative metabolic systems. 

The circular park model, as applied to the Madonie context and based on the valori-
zation of residual forest biomass, has proven to be a significant proof of concept support-
ing the validity of a circular approach to territorial management. 

More specifically, the study demonstrates that forest maintenance activities, when 
managed under sustainability-oriented extraction rates, generate significant quantities of 
retrievable biomass that can be reintroduced into local circular value chains. The simula-
tion carried out for the Madonie Park shows that even small-scale, place-based circular 
strategies can contribute to local energy supply, reduce greenhouse gas emissions, lower 
waste-management costs, and support the regeneration of soils and ecosystems while sim-
ultaneously strengthening proximity economies and community resilience. 

Compared to more widespread approaches—often monofunctional and focused 
solely on energy recovery (as shown by numerous best practices in Northern Europe [see 
Section 2])—the identification of community-centered and multi-output circular strategies 
calibrated to the potential uses of biomass and their expected impacts on the local econ-
omy emerges as a promising direction for maximizing the residual value of waste. Such 
circular strategies can contribute not only to ecosystem stability (primary ecological func-
tions) but also to the activation of micro-supply chains capable of countering economic 
and demographic decline, thereby combining ecological, productive, and social functions 
in a synergistic way. 

The study’s value also lies in the methodological process presented. Organizing the 
work into four phases –from systemic reading of the territory (Phase 1) to the construction 
of circularity scenarios (Phase 4)—offers a decision-support and governance tool for park 
authorities and local administrations. In this sense, the study contributes both to broad-
ening the theoretical framework of a possible circular park model and to outlining an op-
erational and transferable methodology for forest resource management, transforming 
maintenance into an opportunity for territorial value creation. The systemic reading of the 
territory, based on the integration of GIS, socio-economic, and qualitative data, supported 
by territorial metabolism analysis tools, enables a multidimensional reinterpretation of 
waste (ecological, socio-economic, and design-oriented). Identifying the waste/resource—
as demonstrated in the mapping of forest resources and the estimation of retrievable bio-
mass (Phase 2)—provides an empirical basis useful for calibrating circular strategies 
(Phase 4), shifting the focus from generic management to targeted waste management 
consistent with the principles of regenerative design. The hypothesis of transforming 
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forest management into a circular-regeneration platform thus appears plausible and op-
erationally achievable. 

At the same time, the research presents some limitations that should be acknowl-
edged. Quantitative assessments of retrievable biomass and energy production are cur-
rently based on detailed data available for a pilot municipality and on scenario-based sim-
ulations; their extension to the entire park requires further forest management plans, har-
monized datasets, and long-term monitoring. Moreover, the proposed circular strategies 
are exploratory in nature and do not yet include full techno-economic feasibility analyses, 
governance arrangements, or systematic evaluations of social acceptance. Finally, the 
study focuses primarily on forest biomass flows, without yet integrating other relevant 
material and immaterial resources, such as water cycles, agricultural by-products, cultural 
heritage, or knowledge-based assets. 

Some other considerations concern the perspectives and implications for territorial 
policies and the management of protected natural areas in fragile contexts. The research 
conducted in the Madonie Park highlights dynamics that transcend the boundaries of the 
case study, outlining broader implications for territorial policies and the management of 
protected natural areas in marginal European territories. In the light of the literature on 
socio-ecological governance and adaptive management [70,71], the results underline how 
such contexts can function as experimental platforms for advanced forms of territorial 
innovation grounded in the valorization of natural capital. 

• Relevance for Inner peripheries and Place-Based Policies. The proposed model ad-
dresses the dual vulnerability of inner peripheries—high ecological value combined 
with socio-demographic fragility—offering an operational framework aligned with 
place-based approaches to local development. This approach is consistent with Eu-
ropean strategies for biodiversity and nature-based solutions [2,72], which recognize 
PAs as territorial infrastructures capable of generating essential ecosystem services 
and fostering socio-territorial cohesion. In this regard, the capacity of local commu-
nities to collectively manage natural resources emerges as a crucial lever for counter-
ing marginalization and decline [73]. 

• Evolution of the Parks’ Mandate. The conceptualization of the circular park model 
situates itself within the broader international debate on the transformation of pro-
tected areas from mere conservation devices into integrated socio-ecological systems 
[74,75]. The circular paradigm reconfigures the park as a productive and regenerative 
infrastructure capable of generating shared value through the development of bio-
based supply chains, the enhancement of ecosystem services, and the promotion of col-
laborative governance. This aligns with adaptive management models and with re-
search highlighting the role of conservation policies in strengthening social capital and 
supporting local economies. In line with recent contributions on socio-ecological trans-
formation [76,77], parks are no longer interpreted solely as spaces of protection but as 
dynamic devices for regeneration, production, and innovation, positioned at the center 
of a new balance between conservation, sustainability, and local development. 

Future research developments aim to expand the experimentation of the circular 
park model, evolving from the circular management of natural capital towards a systemic 
transition that encompasses multidimensional resources [46]. Pursuing a circular model 
implies addressing technical and technological innovation needs, understanding and lev-
eraging the potential of new economic models and resource valorization, and engaging 
knowledge and skills to promote sustainable lifestyles. This approach represents both a 
challenge and an opportunity to rethink the role of parks as key actors in the transition 
towards more resilient and inclusive territorial models. 
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From this perspective, future research developments aim to expand the experimen-
tation of the circular park model by extending quantitative analyses to the entire park and 
to other protected areas, testing pilot circular infrastructures under real operating condi-
tions, integrating regulatory constraints related to environmental protection and forest 
management, and developing governance models capable of coordinating park authori-
ties, municipalities, and local communities. 
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