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Abstract

Organic food waste recycling is one of the final frontiers for a sustainable food lifecycle.
Digital twins may be helpful to close the loop in more advanced food supply chains, but
there is a lack of guidelines on how to adopt this emerging technology in community
composting. This paper presents a digital twin-driven design to address this need in a
UNESCO-protected region with geological relevance (Geopark). The design science
research project offers the foundations for creating intelligent composting networks
supported by digital technologies. Six initial design principles are suggested for
developing digital twins at a regional level. This study contributes to the deployment of
layered digital twins in sustainable regional development. Moreover, our proposal
assists the integration of local food producers in regional food supply chains and
increases the impact of sustainability brands like GEOfood.

Keywords: Digital Twin, Smart Region, UNESCO Global Geopark, GEOfood, Community
Composting

Introduction

Sustainable food production is one of the significant challenges for the coming decades (Bradford et al.
2019). However, it is surprising that over 30% of the population is lost in modern food supply chains
(Bradford et al. 2019; Liu et al. 2021). The combination of circular economy and advanced information
technologies may contribute to change this scenario: (1) reducing (e.g., via energy consumption or raw
materials), and (2) recycling or reusing food waste (Dantas et al. 2021). The latter is usually associated with
composting: organics decomposition into smaller compounds used to fertilize plants. Moreover,
composting can be done at home or at the community level (e.g., in cities, towns, or other specific regions)
(Bradford et al. 2019). Community composting uses public areas to share composting bins with the local
population.

Digital transformation in agriculture (Agriculture 4.0) promises to change food supply chains (Liu et al.
2021). According to Smetana et al. (2021), “cyber-physical nature of modern food is a key for the
engineering of more nutritious and sustainable paths for novel food systems”. These authors also point to
the critical role of digital twins in food supply chains (especially in factories). This “twin” is “an integrated
multiphysics, multiscale, probabilistic simulation of a complex product, which functions to mirror the life
of its corresponding twin” (Glaessgen and Stargel 2012). Usually presented as a three-dimensional replica
of physical objects, digital twins use real-time data obtained from sensors and explore artificial
intelligence’s potential to learn from operational data, the environment, and other similar twins: the “fleet”.
Recent examples in food supply chains include monitoring crop growth or environmental conditions
throughout the stages of sourcing, producing, and delivering food (Verdouw et al. 2021). However, the
adoption of digital twins in the “final frontier” of organics recycling in specific communities is still
understudied (Semeraro et al. 2021).
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This short paper seeks to establish the foundations for a smart region digital twin. The scope of the research
is limited to the local food supply chain of regional products and the guidelines of the newly GEOfood brand.
We detail the roadmap that will be carried out to develop smart region digital twins, as well as present the
main results obtained and lessons learned, established in the form of design principles. Our first artifact
instantiation focuses on community composting to close the supply chain loop.

The remainder of this paper is presented as follows. The next section revises the literature on food supply
chains, and digital twins in Agriculture 4.0. The following section introduces the research context and
approach: design science research (Hevner et al. 2004). The project results are then detailed, followed by
the discussion. Six design principles are suggested to deploy digital twins with a layered architecture at a
regional scale. The paper concludes by summarizing the contribution, limitations, and opportunities for
future work.

Background
Food Supply Chain in Geoparks

Information technologies have enabled new traceability forms in food supply chains, improving
communication between different stakeholders of food production (Smetana et al. 2021). Comprehensive
architectures and conceptual models have been recently proposed to foster cooperation between farmers
and service providers, transforming this traditional sector of the economy into a cyber-physical system
(Smetana et al. 2021). Creating “sustainable paths for novel food systems” (Smetana et al. 2021) is the
priority, virtualizing all possible systems with the Internet of Things (IoT) until reaching the end customer.

Sustainability is also a priority for UNESCO Global Geoparks (Geoparks) in their local supply chain of
endogenous products (Vieira et al. 2020). The GEOfood initiative led by Norway, Denmark, Finland, and
Iceland aims to strengthen local food traditions. Their supply chains are pressured to reduce waste,
maximize the use or reuse of local resources, ensure “zero-kilometer food products”, and make responsible
use of resources. Therefore, new systems are necessary to support local producers in organics recycling and
ensure compliance with the GEOfood manifesto (Magma Geopark 2020).

Digital twins may contribute to the efficiency of food supply chains, and Geoparks are appealing for
deploying pilot projects in digital transformation. However, despite the potential of digital transformation
for different food supply chain steps, namely, sourcing, producing, and delivering (Verdouw et al. 2021), it
is unclear how information technology and cyber-physical systems operate in the final stages of the food
lifecycle: waste reduction and recycling.

Digital Twin and Cyber-Physical System in Agriculture 4.0

Digital transformation in agriculture is evolving alongside Industry 4.0 technologies and practices: big data,
IoT, robotics, cloud, and end-to-end digital integration (Lezoche et al. 2020; Liu et al. 2021). Supply chain
efficiency is one of the significant challenges of this transformation (Liu et al. 2021). More advanced systems
create virtual representations of modern farms supported by IoT. Therefore, digital twins are essential to
agricultural development.

The popularity of digital twins is close related to advanced made by DARPA and NASA for air force vehicles
(Glaessgen and Stargel 2012). It is on the agenda of global companies such as General Electric (GE 2016),
and major airplane producers are already creating intelligent “digital mirrors” for their projects. The topic
captured the attention of researchers, and there are important guidelines available to design digital twins,
namely (Tao et al. 2019): (1) create virtual representations; (2) use data to support design decision-making;
(3) simulate the product behavior; (4) control the physical product according to the desired performance;
(5) establish secure connections between the physical and digital layers; and (6) obtain additional product-
related data. However, the vision of digital twins applied to supply chains is only now starting to appear,
with noteworthy examples in specific sectors like pharmaceuticals (Marmolejo-Saucedo 2020). Moreover,
the existing guidelines are made for individual products (Tao et al. 2019) or specific organizations
(Marmolejo-Saucedo 2020), lacking support for more complex settings (e.g., smart regions) where multiple
digital twins can coexist (e.g., factory, warehouse facility, vehicle, among others), paving the way to new
business ecosystems digital twins or smart region digital twins.
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More recently, the term “digital twin” was introduced in agriculture and food supply chains (Pylianidis et
al. 2021; Verdouw et al. 2021). The examples are vast and include digital twins for fields, trees, animal
farms, greenhouses, and vehicles used in agriculture (Pylianidis et al. 2021). These systems are still in their
first steps but can gradually increase functionalities (Pylianidis et al. 2021). There are also distinctive
characteristics that digital twin designers must consider, namely, the perishable (or living) nature of “digital
mirrored items”, and the scale (e.g., a large farm) (Pylianidis et al. 2021), requiring an interdisciplinary
approach to advance the field further.

On the one hand, there is a global need for redesigned, more sustainable, and circular food systems to
achieve the purposes set by the UN Agenda 2030 (United Nations 2015). More specifically, the Sustainable
Development Goals (SDGs) 2 (eradicate hunger, achieve food security and improved nutrition and promote
agriculture), 11 (make cities and human settlements inclusive, safe, resilient and sustainable), and 12
(ensure sustainable consumption and production patterns). These goals are also mirrored in the GEOfood
manifesto (Magma Geopark 2020) and confirmed by the contacts made with Geopark experts. On the other
hand, the literature review allowed us to identify relevant contributions to sustainable food supply chains,
organics recycling, and technological opportunities for new systems development.

Research Design

Case Presentation and Research Objective

Our research takes place in Estrela UNESCO Global Geopark (Estrela Geopark), a region in the Iberian
central region with geological heritage. Food producers located in Geoparks need to implement best
practices in green tourism, environmental production, and sustainable use of endogenous resources. In
2021, Geoparks launched the GEOfood brand in 26 areas around the globe, recognizing local food producers
that comply with GEOfood standards (Magma Geopark 2020): sustainability (use local raw materials and
reduced transportation), cooperation, and tradition presentation. Estrela Geopark is one of the GEOfood
network members and is interested in exploring the potential of digital twins for the food supply chain in
their 2,216 km?2 territory, which covers nine municipalities of the Serra da Estrela region (central inner
region of Portugal).

Our research involves a symbiotic relationship with Estrela Geopark. On the one hand, local experts provide
valuable information about the regional context and jointly validate the artifact and design principles with
the research team. The Estrela association has a multidisciplinary scientific board (e.g., sustainability, earth
sciences) with the potential to address the different needs of a regional digital twin. On the other hand, the
artifacts offer a new solution to more easily supervise compliance with GEOfood’s guidelines and identify
priorities for regional development policies.

According to their experts, composting organic material (e.g., fruits, weeds, dry leaves, food scrap, or
sawdust) is one of the most ground-breaking phases of the supply chain to adopt digital twins. First, because
itis one of the less disseminated in the community. Second, the (re)introduction of local (endogenous) food
waste in the supply chain contributes to reducing (1) chemical fertilizers and (2) regional footprint. Third,
strengthen the fragile links between urban areas (major food waste generators) and rural areas (major
compost users) of the Geopark. Finally, it would decisively contribute to the overall aim of Geopark policy
and GEOfood adoption by the local food producers. Recent digital twin reviews suggest that “[s]ignificant
research efforts need to be made on the application of a digital twin for improving the sustainability
performances in each application context” (Semeraro et al. 2021). Therefore, the main research objective
of this study is formulated as follows: design a smart region digital twin, according to GEOfood standards.

Design Science Research at Estrela Geopark

Design science research (DSR) is an iterative research approach to design innovative artifacts applied in
natural settings (vom Brocke and Maedche 2019; March and Smith 1995). The “design cycle is the heart of
the design science research project” (Hevner et al. 2004) and essentially consists of three main activities:
(1) building an artifact; (2) evaluating it; and (3) subsequent feedback to refine the design (Hevner et al.
2004). This set of activities works best when using an iterative process (i.e., a DSR project composed of
several design cycles), as it is possible to take better advantage of the lessons learned through the research
and reduce the project complexity and unpredictability (Hevner et al. 2004). DSR includes six essential
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dimensions (vom Brocke and Maedche 2019): problem description (P), input knowledge (IK), research
process (RP), key concepts (KC), solution description (SD), and output knowledge (OK).

According to the contacts made with the Estrela Geopark, composting is essential for deploying sustainable
practices in Geoparks. New digital solutions are necessary to improve local food supply chains, and digital
twins have not yet been used at a regional level (P). Therefore, in parallel with the experts’ insights, the
authors have done a comprehensive literature review in the fields of the food supply chain, community
composting, smart composting, and digital twins (IK, summarized in Section 3). The research process
started with the identification of critical parameters for smart composting, specification of the digital twin
using goal modeling techniques (ITU-T 2012), development of a real-scale model, and projectability
(Baskerville and Pries-Heje 2019) to the region of Estrela Geopark (RP). According to Hevner et al. (2004),
DSR includes three essential cycles: (1) relevance cycle, (2) rigor cycle, and (3) design cycle. The first two
provide inputs to the design cycle. On the one hand, our relevance cycle is ensured by Estrela Geopark
experts, GEOfood producers, and the community, establishing the design requirements and performing a
joint evaluation. On the other hand, the literature review, the GEOfood manifesto (Magma Geopark 2020),
and the DSR guidelines create our knowledge base for the rigor cycle (Hevner et al. 2004).

The nature of Geoparks and the food products produced by the local companies are relevant to this study.
These regions share geological, social, and economic characteristics (e.g., agriculture and food production),
and in many situations like Estrela Geopark, people are moving to more urban areas. Therefore, the concept
of digital tween fleet (a group of similar physical objects producing valuable data) and the requirements of
the GEOfood brand (promote best practice in local food companies and the cohesion of the urban-rural
territory) are important concepts to include in our DSR (KC). The digital twin system must include a
physical layer installed in a real-scale smart composter and a digital layer — interface using a 3D model,
monitoring, and messaging system.

Finally, the output knowledge (OK) includes (1) the digital twin instantiation and (2) the formulation of
design principles to deploy regional digital twins. These two outcomes are possible to achieve in DSR
projects aiming to ensure application relevance in specific contexts and the rigor required for knowledge
extraction (Hevner et al. 2004).

Roadmap for Iterative Development of Smart Region Digital Twins

Our research proposes an approach to developing digital twins for local food supply chains of endogenous
(regional) products. Therefore, we planned the iteration of five DSR design cycle, where each DSR design
cycle will focus on one of the local food supply chain steps.

The first DSR design cycle, already underway, focused on closing the loop of the food supply chain through
community composting. Although this step can be seen as the “final frontier” of the food supply chain, it
was a priority for the Estrela Geopark specialists. According to them, it was an opportunity to design an
effective “recycling” tool for food waste and, simultaneously, foster urban-rural links. Some producers
already make their compost and use it to fertilize their agricultural fields, but the amount of compost
generated is insufficient. Thus, extending composting to the entire region involving the community in urban
centers will make it possible to generate enough compost for GEOfood producers. In turn, the digitalization
of this process will enable the Geopark managers responsible for ensuring compliance with the GEOfood
guidelines to control whether certified producers are raising compost and thus ensure the use of fertilizers
of natural origin rather than chemical ones. These factors highlight the interest in implementing this new
practice in the region and its digitalization. However, the manual checking and maintenance of the compost
heap will also be performed by specialized municipal workers to ensure the quality of the compost produced.

The second DSR design cycle will focus on the production step. As a practical case, we have chosen the Serra
da Estrela cheese production. It is the most representative endogenous product of the region and has a
significant economic impact. We will approach the production of Serra da Estrela cheese under a holistic
view, i.e., focusing on the cheese manufacturing process, milk production, sheep, and pasture management.
Monitoring these resources is vital to the production of Serra da Estrela cheese as they guarantee the quality
and reliability of this product, which is often counterfeit due to its high value. Furthermore, this DSR design
cycle will allow us to improve the digital twin that will enable Estrela Geopark to monitor the compliance
of certified producers with the GEOfood guidelines.

Forty-Third International Conference on Information Systems, Copenhagen 2022
4



Advancing the Smart Region Digital Twin

The third DSR design cycle will focus on the distribution phase of the local food supply chain. On the one
hand, many local food producers accumulate the functions of transporters and sellers, marketing their
products in local markets. On the other hand, some producers sell their products to small local retain chains,
which are resold in small shops. Hence, the digital twin should be flexible to integrate different distribution
alternatives to guarantee traceability and food safety of their products and, simultaneously, provide
indicators to Estrela Geopark to improve the daily use of food km zero.

The fourth DSR design cycle will focus on consumption. This cycle aims to involve consumers in the supply
chain, where they will be able to provide feedback about the product consumed and check historical records
since the production phase, enabling a broad form of food traceability. The digital twin may be used to
collect food consumption data like possible contaminations, helping to avoid their propagation, for
example, in a specific lot.

Finally, the fifth and last DSR design cycle will try to connect the links that were not united in the previous
iterations and create an end-to-end regional digital twin. The final iteration should allow Estrela Geopark
to extract knowledge for regional policies aiming at sustainable development and strengthening the
GEOfood brand.

Results

This section details the physical and digital layers of the community composting digital twin developed
during the first DSR design cycle.

The Physical Twin Layer for GEOfood Composting

The prioritization of locations for each composting unit placement targets (1) regional cohesion (waste pick
up in the urban zone for incorporation in the nearest rural area), (2) optimized control (municipalities are
main shareholders of Estrela Geoparks, allowing daily contact with each structure via their staff), and (3)
endogenous resources (the composting bin structure can be built using local wood).

Figure 1 shows the composting bin structure.

sensor

Figure 1. Deployment of the physical twin layer

Figure 1 portrays a real structure incorporating sensors and communication devices. Among the multiple
possibilities for designing composting units, the team decided to use local (natural) materials at this stage
(top cover structure removed to show the interior details).

In this case, the type of organics waste includes leaf, non-animal food scraps like fruit, vegetables, dust, or
wood (although other materials can be used) that are easier to obtain from municipality staff and
inhabitants.
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Unfolding the Digital Twin Layer

Pairing the physical and digital layers requires particular attention. For example, the “digital mirror” of the
composting unit must be prepared to integrate data from the fleet — other composting units in the region,
not restricted to a single device.

Four main building blocks are interconnected, namely: (1) the IoT infrastructure detailed in the previous
section; (2) a Low Power Wide Area Network (LPWAN) using LoRa; (3) the application server that includes
a NoSQL Mongo database and the software-related specifications developed in Python; and (4) two end-
user devices selected for interaction with the regional digital twin. Each IoT-enabled composting bin sends
the collected data to the application server. However, it will require a LoRaWAN gateway that will serve as
an interface to receive the LoRa signal emitted by the IoT-enabled devices and send the received data
through a POST request to the REST server. The mobile application is detailed in Monteiro et al. (2021),
assisting the end-users in depositing their food waste and GEOfood producers in picking up the compost.
The system managers (i.e., those responsible for the Estrela Geopark) will be able to visualize in real-time
the status of the whole composting network through a web browser.

The local producer interface is straightforward, showing the nearest composter ready to pick up (GEOfood
promotes zero-kilometer food products) and the web forms to validate compost pick up using smartphone
location and user ID. Confirming which producer empties the community composter is essential to identify
quantities recycled by the local food supply chain (e.g., by type of producer, municipality) and footprint
reduction.

@ pashboard Dashboard

40.3615066,7.8625284
Mesophilic

6%

208°C

53%RH

663 ppm

History Ou

Figure 2. Digital twin dashboard GUI

Figure 2 integrates the digital twin fleet of composting units (map display and navigation available on the
top-left of the dashboard), the 3D representation of the selected fleet unit on the right, the real-time
snapshot of the system condition, and past historical data (below) of each unit or the fleet. Only the leftmost
composting unit presented in the figure (white border) is acquiring real-time data. The other composting
units are planned locations in more urbanized areas of Estrela Geopark.

The design and development of the digital twin revealed the challenges of a regional scale. Different layers
must be considered to support an integrated replica of sociotechnical practices. The physical and digital
links are interconnected and do not work correctly in isolation. On the one hand, the physical link enables
sensing, composting and controlled access to the smart composter. On the other hand, the digital part
enables social interaction and “make sense of data”.
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Discussion

The smart region digital twin enables different stakeholders in (1) the identification of the nearest
processing unit via a mobile app, (2) real-time evaluation of the product supply chain, producing regional
indicators valuable to Estrela Geopark, and (3) advancing the circular economy. Six preliminary design
principles (DP) are derived to express prescriptive DSR theory (vom Brocke and Maedche 2019) and guide
the development of future regional digital twins aggregating a fleet of similar twins.

DPai: Start with a top-down approach to create the regional digital twin architecture. Although the smart
composting bin design could start immediately, there are risks of missing information necessary for the
higher levels’ digital twins (e.g., the best geographic location of the lowest layer digital twin). Our approach
started with identifying the requirements for Estrela Geopark and the newly created GEOfood brand. The
digital twin must be aligned with the regional strategy.

DP2: Gradually identifying regions of interest in the smart region. Our region includes different urban
and rural areas with specific needs (e.g., municipality digital twin to support maintenance). Although it is
possible to include smart composters in rural areas, most of the inhabitants in that zone are already reusing
their waste in the fields, reducing their interest in community devices.

DP3: Delineate the supply chain digital twin. Flows of human and non-human entities are identified at this
stage. Our project focuses on the final frontier of food supply chains and finds differences in the flow of
materials (e.g., collected in urban areas to use in rural areas). Circular economy requirements and the
technical aspects of the organic recycling supply chain are also addressed at this stage.

DP4: Select the smallest fleet of interest. The Estrela Geopark digital twin will only work if a fleet of
composting units is in place, sharing data with the central database and the nearest stakeholders. For
example, traveling from one end of the Geopark region to another is not feasible to pick up compost
(disregards “zero-kilometer” goals). Therefore, the fleet is used to create a composting network.

DP5: Specify the details for the physical and digital elements. The smallest units of the digital twins are
designed at this stage (e.g., IoT layer, digital interface, and communications).

DP6: Instantiate the system with a bottom-up approach. Testing and validation can evolve gradually,
deploying the smallest “mirrors” in specific locations, learning with the process, and continuously tuning
the smart region digital twin. Pilot projects are desirable at this stage.

The six design principles are aimed at various stakeholders, from developers (DP1, DP2, and DP4),
decision-makers (DP1, DP2, and DP4), IT experts (DP4 and DP5), to end-users (DP6). DP1-DP4 cover the
early stages of project conception and design and focuses on regional aspects. DP5 concentrates on
technology selection and DP6 on sustainability indicators. Nevertheless, these initial DP require a better
formulation in the next research steps, adopting Gregor et al. (2020) guidelines.

Conclusion

This short paper presented a DSR project aiming to create a region-wide digital twin for organics
composting, with potential scalability for the network of Geoparks. A fleet of physical composting units is
coupled with a “micro” digital twin structure (individual composting units) and “macro” (regional) digital
twin integrating data for seven municipalities in a relevant geological area promoting (1) circular food
supply chains, and (2) endogenous food sustainability. The prototype is instantiated in the Estrela Geopark
region and is expected to boost their local GEOfood network.

For theory, this research provides six preliminary design principles, which may assist researchers and
practitioners in deploying future smart region digital twins. For practice, the developed solution will
provide the foundations of a digital twin instantiation, enabling Estrela Geopark managers to verify
compliance with GEOfood guidelines by certified producers and assist in decision-making to build policies
that foster sustainable development in the region.

The challenges the GEOfood brand poses are common to all 26 Geoparks. Therefore, the proposed solution
can be transferred to the other Geoparks that belong to the worldwide GEOfood brand, adapting to the
peculiarities of each region. On a local scale, more intelligent food supply chains can contribute to more
balanced consumption (minimizing resources used for food production) and circular practices. Our
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research can contribute to mitigating, at a regional level, the demand for food and more efficient use of
resources, making these regions more autonomous and resilient, which is a necessity of our era.
Nevertheless, a higher layer (i.e., inter-Geoparks) could enable the flow of data and food between Geoparks,
leading to the creation of digital twins that span countries and continents. Sharing data between digital
twins (the fleet) can assist decision-making and best practice diffusion. In addition to the technologies
already employed, blockchain and artificial intelligence will be crucial. The former ensures the traceability
and security of both data and food, and the latter correlates the data with helpful predictions (e.g., raw
materials, energy, water, compost) and recommendations for the different regional stakeholders.

There are also limitations that must be stated. First, this phase of our DSR achieved a real-scale
instantiation of the digital twin. It focused on a detailed physical layer architecture, but the system is not
yet deployed in the different municipalities of Estrela Geopark. Moreover, waste recycling and pick-up are
still very controlled (not yet diffused to the public), lacking a regional scale test. Future work is necessary
to understand the impact in the daily routines of staff supervising and managing each structure in a
decentralized way. Nevertheless, there is already evidence of the positive cost-benefit analysis of
composting in other regional settings. Second, this DSR cycle is not yet exploring the incentives for
GEOfood producers. For example, gaining GEOfood points according to the quantity of food waste
recovered and creating sustainability rankings in the region. Third, the regional digital twin aggregating the
fleet will include instant messaging at the application layer to notify local managers of each municipality
for composting unit maintenance. This interaction is not yet implemented and will evaluate the system’s
social impact (e.g., user acceptance and operational issues). Moreover, the system can be extended with
producer-specific composting digital twins focusing on rural areas — creating a new fleet layer to the digital
twin architecture.

The layered vision of digital twins for food supply chains and smart regions is a fascinating topic for future
research. This DSR only scratches the surface of digital twin ecosystems. More research is necessary to
guide the deployment of multi-layered digital twins that need horizontal (fleet), vertical (regional and
product-specific), and end-to-end cyber-physical integration in a circular supply chain.
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